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__'_
Extensive research on the fabrication and performance testing of

'i spherical powder tungsten ionizers is described. Research of the

entire spectrum of powder metallu_rgyy , from powder classification through

.haracterizatlon of the ionizers fabricated, is also described. Ion,-

-,_ ization testing of classified spherical powder ionizers, at three dif-

ferent levels of pore size refinement, was performed. The data pre-

j sented indicate that successive refinement of pore structure leads to

progressively improved ionization performance. _ JT-_G_

i
!
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SUMMARY

Extensive research on the fabrication and performance testing of

spherica, powder tungsten ionizers is described. By holding constant

all fobrication parameters except powder size distribution, an ionizer

series of increasingly fine porosity was prepared, Thus it became

possible to ascertain the effect of pore structural refinement on ion-

ization performance at essentially constant levels of ionizer density

and purity.

Research on the entire spect:um of powder metallurgy, from powder

classification through characterization of the ionizers fabricated_ is

described. Ionization testing of classified spherical powder ionizers,

at three different levels of pore'slze refinement_ was performed. Per-

formance of this select series is compared to that of relatively coar_._-

structured H2-reduced ionizers_ available commercially in large size.

The data presented indicate that successive refinement of pore structure

i leads to progressively improved ionization performance. Use of the

finest classified starting powder increased the number of pores per

unit area by a factor of >5, and reduced mean pore size by a factor of

about 0.4 (based on comparison with ionizers from coarse unclassified

powder). ThusI the improved ionization performance of the finer pore

structures appears to be associated more closely with increased pores

per unit area than with reduced pore size,

In recognition of the fact that fine pore structures have inherent-

ly less thermal stability (than coarse structures), due to their larger

specific surface areas; a study of the stabilizing effect of tantalum

and chromium on spherical tungsten powder was conducted. No stabili-

zation of porous sintered tungsten by chromiumwasdetected. On the

other hand_ tantalum is indicated to be very promising, markedly

_l'__"_ _.i', 1 .v__t ,I

1964010669-017



reducing the sinterlng rate and increasing the thermal stability of

tungsten. Microscopical evidence is presented to demonstrate_ however,

that addition of tantalum inparticle form does not lead to fine uni-

form porosity 3 consistent with efficient ionizer performance. Use of

an advanced technique, wherein fine tungsten microspheres are precoated

with tantalum and with other probable (diffusion) barrier elements_

forms the basis for the follow-on program NAS3-5248.

3720-Final xviii
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i. INTRODUCTION

This report describes _esearch on the fabrication and ionization

testing of porous ionizers. The research program is a logical con-

tinuation of the preceding NAS 8-2547 contract, details of which have

been reported I. The primary objective of the present contract is the

improvement of materials and fabrication technologies and development

of ion emitter buttons for use in electrical propulsion systems..

The preceding research program demonstrated numerous metallur-

glcal advantages of using spherical tungsten powder as the basic

element of ionizer construction. In addition, a marked improvement in

ionlza=ion performance was demonstrated, despite the fact that relatlyely

coarse spherical particles, having a broad size distribution, were used

for construction. The combination of structural uniformity, good per-

formance, and high purity of these first s_lerlcal powder ionizers in-

dicated that further research was well warranted.

Toward the goal of further improved performance, the current

program was designed by NASA to encompass the complete powder metal-

lurgical process, from method of spherical powder classification

through powder size analysis, ionizer fabrication, infiltration, In-

filtrant removal and pore characterization. This broad program led,

in turn, to an unusually detailed knowledge of the ionizer buttons

tested subsequently for ionization performance.

The scope of the research reported herein includes the following

primary phases:

_. Classification, Size Analysis, and Chemical Analysis

of Spherical Tungsten Powder

1. M. LaChance and G. Kuskevics, "Ionizer-Reservoir Development Studies",

Electro-Optical Systems_ Inc. 2150 Final Report, May 1963.

3720-Final 1-1
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II. Infiltration of Compacts of Spherical Tungsten Powder

III. Fabrication and Pore Characterization of Sintered

Spherical Tungsten Powder

IV. Ionization Performance of Sintered Tungsten Powder

V. Effect of Ta and Cr on the Sintering and Structure of

Spherical Tungsten Powder

3720-Final 1-2
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2. CLASSIFICATION, SIZE ANALYSIS, AND CHEMICAL ANALYSIS OF SPHERICAL
TUNGSTEN POWDER

The objectives of the work described in this section were (I) to

determine the optimum classification method for spherical tungsten

powder, (2) to obtain size fractions containing _75 percent by count

of particles within the 1-4, 3-6, and 4-8 micron diameter rang&s, and

(3) to determine a reliable means of particle size analysis. Four

methods of classifying and three methods of particle size analysis were

tried. In addition, the initial purities of the powders used in the

research were determined.

2.1 Classification Methods and Results

2.1.1 Wilfley Tabling

Approximately one pound of spherical tungsten powder

was processed on a Craig Concentrator table. This unit had a 72" x 36"

bed_ coated with polyurethane plastic, and was equipped with both con-

cave nd raised riffles running parallel to its length. The powder ip

water slurry form was introduced into the feed box at the highest corner

of the table bed. Through the combined forces of flowing water, gravity
J

and longitudinal reciprocation of the bed, the powder was moved toward

the lowest or discharge corner.

Thirteen powder samples, one from each table riffle,

were collected and examined microscopically. All samples contained the

same variation in particle size as did the initial unclassified powder.

Thus the Wilfley test indicated no promise for the separation of tung-

sten microspheres. While it is believed that some degree of classifi-

cation may be achieved by modifying table design (shallower riffles,

riffle spacing, angle of incline, etc.) it is improbable that sufficiently

sharp separations could be obtained by this method.

3720-Final 2- I
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2.1.2 Kinetic Water Film

A simple experiment was conducted to determine whether

tungsten mlcrospheres could be separated by the mechanism of differen-

tial velocity within a thin film of flowing water. For this, a jet of

water was impinged tangentially onto a 23" x 16" glass plate, to yield

a kinetic water film. The glass plate was inclined at angles varied

between i0° to 15G from horizontal and the water nozzle was center

positioned at the lower (longer) edge. Spherical tungsten powder (as a

slurry with methanol) was injected by eyedropper into the water stream,

immediately in front of the nozzle tip.

Maximum water velocity occurring at the point of im-

pingement, the film spread fan-wise over the plate and moved toward the

lower edge. In such a pattern, it was reasoned that the largest and

heaviest tungsten particles would move to the bottom edge to a position

closest to the inlet, while the smallest particles would be carried up

and outward to the furthest distance. In actual test, the following

effects were noted:

i. adherence of the tungsten particles to the glass,

with subsequent blocking of particle flow;

2. backlng-up of the water film at the lower edge of

the plate, due to surface tension, with horizontal

movement of powder particles in the water trough

thus formed:

3. agglomeration of the tungsten particles:

4. need for large water-to-powder volume.

The test was repeated with the lower edge of the glass plate rounded.

Effect 2 was reduced, consequently, but not e]iminated. It was con-

cluded from these tests that classification in a kinetic water film was

not feasible for fine spherical tungsten powder.

3720-Final 2-2
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2.1.3 Water Elutriation

This method of classificaticn is based on Stokes

principle of free fall of a solid body in a fluid medium, assuming

laminar or non-turbulent motion. According to Stokes' Law, terminal

"" velocity of settling is given as:

2gr2(ps-Pf) Ps'Pf

° VT = 9_ = (217 92r 2)•

Where

g is acceleration of gravity in cm/sec 2

r is particle radius in cm,

(ps-@f) is differential density between solid and fluid, and

is absolute viscosity of fluid in poise or gm/cm.sec.

3

For tungsten particles of ps = 19.3 g/cm in water at 25°C,

Where Of = 1.0 g/cm 3 and
-3

q = (8.937) (i0) poise,

StoKes' expression reduces to

vT = (4.459)(i0)5(r) 2.

Using this reduced expression, a multi-tube Morgan elutriator was de-

signed according to the calculated values of Table 2-I. In operation,

the water-tungsten mixture would enter the lower end of a vertical

column 1.588 cm in diamete_ at a volume flow rate of 0.141 cm3/sec.

According to the calculation_ the upward current would equal the ter-

minal settling velocity, 0.071 cm/sec, of 8-micron diameter tungsten

particles. Particles <8 microns in diameter would be carried upward

and into the bottom of the next vertical column of 1.815 cm diameter

designed to suspend 7-mlcron-dlameter particles, etc.

A Morgan elutrietor was assembled for testing, with

the first and smallest column of 1.6 cm diameter, to make a single sep-

aration of _8 micron from >8 micron particles. This equipment is shown

in Fig. 2-I. At the upper right of the photo is a 5-gal. reservoir

i
3720-Final 2-3
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i

FIG. 2-1 VERTICAL-TUBE MORGAN WATER ELUTRIATOR

3720-Final 2-5
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of'_istilled water - .05 Vol. percent Aerosol"solution. This solution

is introduced through a Tygon siphon into a constant-head bottle and

then into th_ vertical feed system. At the top of the photo is a

variable-speed stirring motor with stirrer in operating position. The

tungsten feed powder (also in .05 percent Aerosol solution) is contained

in a separatory funnel, the bottom end of which contains a hole suffi-

ciently large for a drop-by-drop feed. This down feed combines with the

water feed, flows through a capillary tube at the lowest part of the

assembly, and into the elutrlator tube proper. Flow rate of solution

is carefully maintained at 0.141 cm3/sec by measuring the volume dis-

charge rate from the top of the elutriator tube.

In operation of the elutriator, difficulties with

clogging and maintaining a constant volume-flow rate were encountered.

Clogging of the U-tube (bottom of Fig. 2-1) was first observed. A l-mm

diameter capillary tube was substituted to increase linear velocity at

this location. This reduced the clogging tendency, however, a second

and more serious clogging then occurred in the conical inlet at the

elutriator tube bottom. Clogging at this location was also reduced,

but not eliminated, by a preliminary sedimentation and decantation step

to remove the larger and heavier particles. The elutriator column was

operated for a cumulative time of approximately I0 hours. Particles

passed, totaling less than I gram, were examined microscopically and

very few oversized particles were observed. However, because of the

low yield and the clogging difficulties inherent with this design, no

further tests were conducted.

2.1.4 Cyclonic Air

To obtain sufficient quantity of a sized tungsten

powder for this research, various manufacturers of cyclonic-air powder

separators were contacted. From among these, the Sharpies Corporatlon

of Bridgeport, Pennsylvania was selected, since this firm was equipped

to classify small sample lots on a service basis, and to furnish com-

plete particle-size analysis data for the fractions separated,

3720-F£nal 2-6
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Two lots of Linde spherical tungsten powder (Electro-

Optical Systems Lots D and E) were submitted to Sharples for separation

in their K8 Super Classifier. The principle of operation of this unit

is as follows. Feed material falls onto a rotating distributor which

accelerates the powder, deflecting it do_ward into the center area of

the classifying zone. Air flow, induced by an exhauster downstream from

the classifier, enters the classification zone through a vane assembly.

This assembly produces an air vortex of the proper angle for the separa-

tion desired. The vortex angle and rotor speed are adjusted to set the

selected separation point. Particles coarser than the separation point

i are carried outward by centrifugal force, until they impinge on the

i coarse collector ring which guides them to the dual coarse discharge

outlets. Particles finer than the separation p_int are carried inward

by the drag force of the air vortex and pass into a fines discharge

! scroll, and then to the fines collector.

To determine the sharpness of separations achieved,

! both powder Lots D And E were analyzed by the Sharpies Corporation.

Results are presented in the following section.

! 2.2 Particle Size Analysis - Methods and Results

2.2.1 Mic__rome___rograph

Particle-size distribution of Lots D and E spherical

• tungsten powder, and of the powder fractions separated therefrom, were

determined in a Sharples Micromerograph Analyzer. The Micromerograph

consists essentially of three parts, described as follows:

i I. Powder Deag_lomerator

The deagglomerating system consists of a source of

high-pressure dried gas, a chargin B solenoid valve,

a small pressure chamber, a "firing" solenoid valve,

a powder chamber, and the deagglomerator proper.

The deagglomerator itself consists of an accurately

machined and polished cone which fits a mating
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conical seat. The annular re_ion between these

surfaces forms the deagglomerating space. The

spacing may be set to the desired value by turning

a lever, which is calibrated directly in microns.

_en the "firing" button is pressed, the pressure

chamber discharges through the powder chamber and

carries the powder through the deagglomerator where

the powder is dispersed by the viscous shearing

action of the gas. By varying gas pressure and

deagglomerator opening, controlled deagglomerating

forces of the proper size may be created.

2. Sedimentation Colu_

Made of aluminum insulated with a fiberglass blanket,

this tube is 85 inches long and 3-1/2 inches in

inside diameter. The large settling distance (220 cm)

compared with the relatively small dimensions of

the burst of particles from the deagglomerator

makes insignificant a_y difference in settling

times of particles of the same size.

3. Servo-Electronic Balance and Recorder

The falling particles collect on the balance pan

and are weighed by the current required to maintain

the balance in the null position. Due to the action

of the servo-electronic system, the total deflection

of the balance pan is imperceptible to the eye.

The record on the chart is, at any point, a measure

of the total weight accumulated on the pan for a

given interval of time from the start of the de-

termination. In accordance with Stokes' Law, time

of fall of a particle through the column is in-

versely proportional to the square of the particle

diameter and to the density of the particle. A
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simple transparent overlay template, incorporating

the constants of proportionality for the Micromero-

graph, provides the means for deriving the data for

plotting a complete particle-size distribution

curve.

Particle-size distribution data are given in Table 2-11

for Lot D tungsten microspheres prior to classification. These data

indicate that only 27.5 wt. percent of the particles were less than

i0 microns in diameter. However, 27.5 percent by weight is equivalent

to 94.8 percent by number.

Nine fractions were separated from the Lot D micro-

spheres. Analyses data for these fractions, determined by Micromerograph,

are also given in Table 2-11. Here, brackets are drawn to indicate the

size range groupings containing the maximum numbers of particles. Photo-

micrographs of the unclassified Lot D powder and of Sharpies' Run

Numbers 9, 7, and i are shown in Fig. 2-2. For these photomicrographs,

the particles were dispersed in a 0.5 percent aqueous solution of sodium

silicate and contained between thin glass slides. To provide adequate

contrast, the sample slides were photographed against a highly-polished

steel backing. In Fig. 2-2, it is important to note the coherence of

small particles (Run No. I) and of small particles to large particles.

This agglomerating tendency is related, very probably, to the difficulty

encountered in water elutriation (previously described) and to the

problems associated with electronic particle counting (described sub-

sequently).

In order to obtain percentages of particles within

still narrower size ranges, as well as to increase the percentage of

usable powder, the Linde Company was requested to supply mlcrospheres

having a much higher percentage of less than lO_-diameter particles.

Ten pounds of a much finer powder (described subsequently as Lot E)

were produced and were analyzed by Micromerograph. Results are listed

in Table 2-III. Here the weight percentage of less than I0_ particles
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Un:lassified Run No. I

1

Run No. 7 Run No. 9

i FIG. 2-2 PHOTOMICROGRAPHS AT 600X MAGNIFICATION OF LINDE SPHERICAL TUNGSTENPOWDER SHOWING INITIAL SIZE DISTRIBUTION (UPPER LEFT) AND THREE
SIZE FRACTIONS OBTAINED FROM SHARPLES K8 CLASSIFIER.

I
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is indicated to have increased (from 27.5 for Lot D) to 92.7, corres-

ponding to an increase by count (from 94.8 for Lot D) to more than 99.1.

The size distributions of Lot D and E powders are compared graphically

in Fig. 2-3.

The special fine powder of Lot E was classified in

the K-8 cyclonic air unit. Details of this separation are included in

pages AI through A6 of the Appendix as "K-8 Sharples Classifier Report

No. 1374." Pages A2 and A3 describe the classifier setting, feed

weights, yields, and losses: page A4 shows a flow sheet of the successive

separations made: pages A5 and A6 show the particle-size distribution

curves for the unclassified starting material and for the fractions

separated, respectively. The classifier report indicates the use of a

duplex process sequence, wherein each separation was performed twice

at the same classifier settings to remove a greater percentage of fines,

thus decreasing the percentage of such fines carried over as feed

material in subsequent cuts. It is obvious that the duplex separation

scheme must increase the sharpness of separations obtained.

Data extracted from tb? curves of pages A5 and A6,

Appendix, were converted by calculation from percentage by weight to

percentage by number. Results of this conversion are listed in Table

2-111, with brackets to show the narrowest groupings of the "percentage

by number" data. In general, the fine powder fractions have narrower

groupings than do the coarser fractions. Particle frequencies drop

sharply at the fine ends of the distributions and tail-off rather

gradually at the coarser ends. This tail-off effect is more pronounced

for the coarser fractions, an inherent characteristic of cyclonic air

classification. Data of Table 2-111 also show that all 0-i_ particles

were lost during classification. This occurrence is referred to as

blow-out. Finally, it is pertinent that classifier run Nos. 4 and 4A,

performed at identical classifier settings, have very similar particle

size distributions.
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FIG. 2-3 GRAPHICAL COMPARISON OF PARTICLE SIZE DISTRIBUTION_

OBTAINED BY MICROMEROGRAPH ANALYSES, ON AS'PRODUCED
LOT D AND LOT E SPHERICAL TUNGSTEN POWDER
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2.2.2 Microscopic Measurement

I [n order to check the Micromerograph particle distri-

! bution analyses, two microscopic counts were conducted _n Lot D7 micro-

spheres (refer to Table 2-11 and Fig. P-2). Glass slides of the powder,

dispersed in 0.5 percent sodium silicate solution, were prepared and

optical traverses were made on a meta]lograph. Measurement of particle

diameters was made with a calibrated Reichert micro-hardness reticule.

This device permitted each particle to be focused wiuhin a square frame,

the size of which was adjusted by means of a calibrated micrometer

screw. Comparison of the two 500-particle counts with Micromerograph

data is given in Table 2-1V. Here it is noted that the No. I and No. 2

counts are in reasonable agreement with each other, but that they are

slightly offset from the Micromerograph determination. Considering the

inherent difficulties of optical measurement, and the relatively

limited number of particles measured, the data of Table 2-1V demonstrate

the general agreement of the microscopic and Micromerograph methods.

Further, the acceptance of the Micromerograph by industry as a rapid

and economical tool for analysis serves to rule out use of the tedious

and costly microscopic method.

2.2.3 Coalter Electronic Counter

In order to cheek particle size distribution data

obtained by the Micromerograph and microscopic methods, four samples*

of spherical tungsten powder were analyzed by the Coulter method. The

aaalyses were performed at the Particle Data Laboratories of El_hurst,

Illinois.

The Coulter electronic method is described in the pdper

"Electronic Size Analysis of Subsieve Particles by Flowing through a

Small Liquid Resistor", by R. H. Berg**, published by the ASTM in 1958.

Briefly, "suspension of particles in conductive liquid flo_s through

* Powder fractions DS_ E3, E6, and E7A.
** President of Particle Data Labs.
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,, TABLE 2-IV
Y

" COMPARISON FOR LOT D, SHARPLES RUN NO. 7, TUNGSTEN MICROS2IIERES
L

BETWEEN CONVERTED MICROMEROGRAPH WT. ANALYSIS EATA AND
'A
,3
-; TWO 500-PARTICLE COUNTS, PERFORMED ON METALLOGRAPH Ar EOS

#
J

_. Particle Calculated Combined
._ Dta. Size fron" Sharpies No. 1 Count No. 2 Count No. i and 2
" Range, Micromerograph on 500 on 500 Counts of 1000

, Microns Wt. Data Particles Particles Particles

i

_ 1-2 0.00 0.20 0.00 0.10

_. 2-3 0.00 1.40 3.20 2.30
I
f

"i 3-4 1.37 3.00 7.2d 5.10

_; 4-5 2i.60 1 5.80 i0.00 7.90

01 --5-6 27.73 I 73.51 18.4 20.40 19.40

 4.00 40. 0
i 7-8 12.47 21.201 15.20 1S.20

", 8-9 6.51 4.60 4.60 4.60-2

9-10 3.39 2.60 0.80 1.70

; I0-ii 1.52 0.40 0.20 0.30
J

_ 11-12 0.72 0.20 0.00 0.10

,, 12-13 0.38 0.00 0.00 0.00

13-14 0.14 0.20 0.00 0.10i
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an aperture wich simultaneous flow of electric current, resulting in

a series of electrical pulses, each pulse being proportional in mag-

nitude to the volume of the particle causing it. The pulses are

amplified, scaled, and coupted to provide direct data for plotting

cumulative frequency against particle size."

Each of the four powder sam_'2s submitted was tested

about I0 times, with variable results, particularly at the small-

diameter settings of the counter. Because of the variations encountered,

particles below 1.81_ diameter were not counted and complete "particle

count vs diameter" curves could not be drawn. Therefore, the percen_

i tage of total particles within the various particle size ranges could

not be calculated.

An aqueous electrolyte, containing 4 percent Na4P207.10H20

and 0.5 percent sodium silicate, was used for all tests. TPis solution

has been found by PDL to be effective in dispersing other metal powders.

However, it apparently is not an effective, or even a stable, disper-

sent for tungsten microspheres. While these tests have not yielded

the size distribution data desired, they do serve to confirm that

spherical tungsten powder has a strong tendency to agglomerate. For

this reason, it is not amenable either to wet classification or to wet

size-analysis methods.

2.3 Selection of Classification and Size Analysis Methods

Based on the data of Table 2-111 it was agreed, by technical

representatives of NASA-Lewis and Electro-Optical Systems*, _hat

classification by cyclonic air was the most feasible clas_fz _on

method available and that the program proceed using powder fcaellons

E3, 6 and 7A (size distrib, graphs in Fig. 2-4). _ttorder to in-

crease the amounts of powder required for the wo[_, size fractions were

thoroughly reblended as follows: 3 + 3A, 6 + 6A, and 7AF + 7A_, which

fraction combinations were produced at identical classiff._r _ett ngs.

On first consideration, one might think that such recombination merely

* Meeting of 12 June 1963 at Electro-Optlcal Systems, Inc.
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FIG. 2-4 GRAPHICAL COMPARISON OF PARTICLE SIZE DISTRIBUTION,
OBTAINED BY MICROMEROGRAPH ANALYSES ON CLASSIFIED
FRACTIONS OF LOT E SPHERICAL TUNGSTEN POWDER
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• I

! reverses what is accomplished by tile classifier. However, this is not

tile case. By duplicate separation stepsj the classifier is given a

double opportunity to remove fines from the relatively coarse feed

powder, such that the second cycle fines are not available for capture

by the subsequent classifier setting. It is believed that the duplex

separations reported represent the best K-8 Classifier procedure, and

that the sharpness of powder fractions obtained are as good as, or

betCer than, those obtainable with other types of air classifiers. At

this juncture it was decided, also, to utilize the Micromerograph method

to characterize size distribution of the powders used. The inherent

agglomerating tendency of fine tungsten microspheres when wet has been

discuJsed. The Micromerograph method for analyses of dry powders is

unsurpassed in the present state of the art.

2.4 Chemical Analysis Methods and Results

All chemical analyses performed under this contract were done

by quantitative spectroscopy, with carbon by the standard conductome_ric

method. For the former, an ARL 1.5-meter-grating spectrograph (linear

dispersion first order of 6_ per mm) was used. Line intensities were

determined using an ARL Spectroline Scanner (densitometer) with 15 x

magnification. The analyses were performed by the Materials Testing

Labs.of Los Angeles. Standards were prepared as follows: To spectro-

I graphic grade W03 (of guaranteed 99.995+ percent purity) controlled

amounts of 41 different elements were added (as oxides in the greater

majority of cases). Amounts of impurity were as
oxides added such to

yield 1.42 weight percent of each impurity element in the master mix-

ture. This master mixture was then dilution blended with various

additional quantities of the base W03 to yield 7 standards, containing

i000, 300, I00_ 30, i0, 3_ and 1 ppm levels of each impurity element.

The purities of companion samples of coarse Lot C and of

(relatively) fine Lot E spherical tungsten powders were determined.

Results of these analyses are given in the certified reports of the

Materials Testing Laboratories on pages A6 and A7 of the Appendix.

Purities of the two powder lots are nearly identical, with Lot C having
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a slightly lower copper content than, and approximately twice the carbon

content of_ Lot E. The cobalt and zirconium values, indicated as less

than i00 ppm_ were analyzed previously on Lot C powder to b_ approxi-

mately I ppm. Totaling the maximum impurity values of tile certified

reports and subtracting the totals from I00 percent_ the purity of

these powder lots exceeds 99.94 weight percent. This excludes, of

course_ the elements O_ N, and H, not detectable by spectrographic

means. Since the Lot C powder (used in the previous contract) was pro-

duced from the same tungsten and by the same method as Lot D powder

(used in this research) it is reasonable to assume that the purity of

the latter is also greater than 99.9 percent. A closely comparable

baseline of initial powder purity is thus indicated for the previous

and current research programs.
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3. INFILTRATION OF COMPACTS OF SPHERICAL TUNGSTEN POWDER

An investigation of various infiltrants for sintered tungsten

microspheres will be described in this section. The initial objectives

of this phase of the research were to determine (for Cu-B, Cu-Be, Cu-p,

Cu-Te, and pure silver infil_rants) the following:

i (a) ability to infiltrate tungsten

(b) particle growth and alloying or other reactions

(by photomicrograph)

(c) machinability of composites

(d) residual elements after vacuum distillation

(by spectrographic analyses)

The research has encompassed the above objectives. In addition, a

Cu-2 Fe infiltrant composition was included for comparison purposes,

since it had been used in the previous research contract. A test to

compare the wetting of tungsten by the various infiltrants was included

and the compositional stability of the varioJs infiltrant baths was

determined as well.

Infiltration of porous tungsten is essential in facilitating

machine operations (sawing, turning, milling, and grinding) where the

relatively soft infiltrant acts as an effective lubricant. Infiltra-

tion also acts to protect the pore openings from closure by metal

distortion during surfacing operations, being essential even in careful

metallographic surface preparation.

Prior to the present contract, infiltration of slntered tungsten

compacts had been done by immersing them in a Cu°2 wt. percent Fe bath

at 1200°C for 30 minutes. The investigation reported here compares

the merit of six infiltrant compositions, one of which is essentially

the same as the Cu-Fe alloy previously used. The experimental work
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included: (I) preparation of infLltrant _ll_s and sintered tungsten

compacts,(2) infiltration and wetebility testing, compositional

stability of infiltrant baths, (4) machinability of il_filtran_s and

infiltrated compacts, (5) microstructures of infiltrated compacts,

(6) density and permeability of infiltrated compacts after vacuum dis-

tillation, (7) residual [nfiltrant elements in compacts after vacuum

distillation, and (8) conclusions of infiltration study. The inves-

tlgation will be discussed in this sequence.

3.1 Preparation of Infiltrant Allo_s and Sintered Tungsten

Five binary copper-base alloys and pure silver were prepared

for evaluation as infiltrants. The copper, silver, and tellurium con-

stituents were of 99.999+ percent purity and were purchased from the

American Smelting and Refining Co. Boron crystals of 99.15 percent

purity from _theson Coleman and Bell, C. P. grade Cu6P 2 (fused lump)

from Amend Drug and Chemical Co., Pechiney beryllium (lump) of 99.25+

purity furnished by ASD-WTight Patterson, and high purity electrolytic

iron were used. The binary copper-base compositions were prepared with

2 atom percent of the additives B, Be, Fe, P, and Te. Constituents

were sealed under vacuum in quartz capsules and heated to 1200°C for

2 hours, to effect complete melting and/or _olution of the additives

and homogeneous alloying.

The porous sintered tungsten to be infiltrated was fabricated

from Lot D spherical powder, size fraction 8. The powder was comprised

of 67 percent by number of the total particles in the 5-9_ diameter

range* and was selected with the approval of NASA-Lewls technical repre-

sentatives. Eight compacts were pressed hydrostatically at 56,600 psi

and subsequently vacuum siL1tered at 1800°G for i0 minutes and at 2000°C

for 60 minutes.

3.2 Infiltration and Wet.aability Testing

Infiltration of the porous sintered compacts was acc_nplished

* Complete size distribution given in Table 2-11.
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by immersing them individually in the various molten infiltrant baths.

First, a prealloyed infiltrant ingot was melted under hydrogen in a

quartz boat, placed within a resistor-wound quartz tube. The tungsten

compacts then were preheated for i0 minutes, adjacent to the bath, to

minimize surface oxides prior to immersion. Bath temperature and time

were held constant at i175°C and 30 minutes during the six immersions

performed. After removal of the samples, the six infiltrant baths were

held at I175°C for an additional period, such that total time in the

molten state totaled 60 minutes. This was done in order that subsequent

analyses of additive concentrations would be significant indications of

infiltrant compositional stability.

In conjunction with i_ersion of compacts, a technique for

rating the wetting of tungsten by the various infiltrants was used.

Each compact was cradled in a frame of sheet tungsten throughout the
i

preheating, immersion and cooling periods. This test arrangement is

shown in Fig. 3-1. The extent to which the various infiltrants coated

the tungsten, and the completeness of coverage, are shown in Fig. 3-2.

The extent of wetting or alloying appeared to decrease in the order

Cu-B, Cu-Fe, Cu-Be, Ag, Cu-Te, and Cu-P. The Cu-B alloyed extensively

with the tungsten, such as to effect disintegration of the frame. Cu-Fe

coated the tungsten surface _ith a thin continuous layer. The Cu-Be

alloy provided a relatively thick continuous coating, the surface of

which was oxidized. (This oxide is believed to be BeO, formed by re-

duction of H20 vapor* by Be. This same oxide was observed as a dross

on the surface of the Cu-Be bath.) The pure silver bath wetted the

tungsten discontinuously, as did the Cu-Te to a lesser extent. Wetting

by Cu-P was nil. From these tests, it is concluded that Cu-Fe has the

most favorable wetting characteristic, followed by Cu-Be.

* Water vapor in H2 atmosphere, originating from burning H2 at furnace
tube exit,
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FIG. 3-i ARRANGEMENT O_ SINTERED TUNGSTEN COMPACT WITHIN TUNGSTEN

FRAME AND QUARTZ BOAT
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Cu-Be

Cu-Te t_-v

FIGo 3-2 WETTING OF TUNGSTEN SHEET BY VARIOUS INFILTRANTS
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3.3 Compositional Stabilit Z of [ufiltrant Baths

The compositional stability of an infiltrant bath in service

is pertinent to its continued effectiveness and to tile quality control

of the ionizers infiltrated. Therefore, determinatious of infiltrant

losses were included in this investigation. Chemical analyses of the

various baths, after immersion of the tungsten _ompacts and being held

molten at i175°C for a total of 60 minutes, are listed in the following

tabulation:

Binary Initial Final Loss, _o of

Additive Composition Composition* Initial Analytical

to Cu Base Atom_ Wt_ Atom_ Wt._ Additive Method

B 2.0 0.346 1.91 0.31 4.5 Spectrographic

Be 2.0 0.289 1.52 0.22 24.0 Spectrographic

_e 2.0 1.762 1.99+ 1.76 < 0.5 Wet

P 2.0 0.986 1.98 0.975 1.0 Wet

Te 2.0 3.937 1.93 3.81 3.5 Wet

* All baths contained a trace of dissolved tungsten, defined as _0.i wt.

Loss of beryllium was highest at 24 percent of the amount

added, followed by boron, tellurium, phosphorus and iron, in decreasing

order. The relatively large loss of beryllium is believed to have re-

sulted from the Be + H20 = BeO + H 2 reaction, the low-density BeO

reaction product rising to the _th surface and being removed when the

surface of the analytical sample was cleaned. The results tabulated

above ipdicate that the Cu-Fe infiltrant was the most stable in the

moist hydrogen atmosphere, followed by Cu-P, Cu-Te, Cu-B, and Cu-Be,

in order of decreasing compositional st_L_iity.

3.4 Machinability of Infiltrants and Infiltrated Compacts

Machinability of the infi]trant alloys per se, and of the

infiltrated tungsten compacts, was determined. All information pertinent

to the machlnability testing is given in Fig. 3-3. Information on chip

toughness, breakage and length, plus ratings of machinability by the

machinist, are. given in Table 3-I. TheEe ratings, while necessarily
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TOP VIEW END VIEW

ROTATION -- 175 TO 200 RPM

TURNING __ DEPTH OF CUT" __ AXIS :DIO INCH

FIG. 3-3 TOOL SETTING AND CLEARANCES USED IN _CHINABILITY TESTS;

HIGH-SPEED STEEL TOOL, BESLY MOMAX-COBA H, STYLE 956

3720-Final 3-7

1964010669-047



! a_Tnb)
999SuoI_aaA99g-n0

(Iano_q_T_)

EII_aoqs_a_AII_-nO

_j_mnTp_m_

't
gi_i_1_aoq_gZa_AtTS

_u_a_II_UI

"SNOI$1SOHFIOD_IV_I_I_INISflOlb_A_0

SDI_I_RIDVb_HDONINIHD_q4_0NOSIb'C_I_ODI-£_I_$

1964010669X-012



'p_uxma_apu_qaaaa__epA3_suappu_K3_lTq_am_8"9_u_a3ITJU_aq_

_Aomaao3(a_o_01xIo_ut_op_ans_aade3_)9a3nu_m_aojOo00gI

_KT_u3_puesBanu_m_Iao_Do00_I3_Pall_as_Pmnno_Aa=a_s3oed

-moop_aeaai_u__q__oqo_moa_9uo_3nqpau_qoL,tul_a^_$

uo_ll_O_flmnnoeA

=a_s3o_dmoop_=alI_uI_oA3_I!q_amJ_pu_A_sua_9"E

"saaodA_tt_usqonmp_q',ao_axaq3'pu_asuap3uaoaad09

3noq__a_m_=_oldeq3u_Xlauanbagqnspaas_pu_paa_a_=q_9s=_z

-_UOl"pe_oqs93u_m_ns_mKa_su_p3u_nbssqn9se_ua2sSun3_oK3_suap

•s3oeg_auo_aeaal_gU_o_ueq3_*q3ea'saIdm_9aq39ouo]3eo_qe_aqaoa

p_3_i_p_A_laqeaeasaq_'xoAOaOH"aiqeqoada_eX3_su_pux9aauaaa_

-_pp_z_ieaoI_mos_a_q_an_"aaaoea_q_Suxqo3_a_aqau_saouaaa_9_p

3qS_IsKqP_3o_9e'3u_a_dde9_s_u_3i_u__q__oapeqsu__au_

-_p_mo$"£t3u_o_u_sa_p_ouopsa_n_on_as_q_uosau_a3I_U_

-aedu_s_un3_spxoApapnlaoO_oAauanbaa_'sa_p]aquozsn_ptlD3s_u_3

_oq_pi_9eqon9)sa_nae_3u_u_aa_d_ouotaeu_mex_uop_seg"_-E"_

u_u_.oqs_aesa_n3an_sIea_d_±"saan3ona3saxed_ouo_a_u_mmca

a_qd_a_OlI_aOmao_(_a_qasaqau_-_O'Oxaaa_me!pqau_-9I/E)suoaanq

asiaoap_u_qaem_a_saaedmoop_avaaI_Ju_Xlsno_avAaqg

s3aedmoop_aeaaI_UI_os_an3an_aso_o3Hg'E

•s_p_aoquaasSun3paeqmaojoa'uoaoqq3_uaas_unaaq3Jouo_aa_a=moaJ

paaln_aaaAmi03paaa_leq9_3oedmoos_q3Jossaupa_t|aql"IOO3aqa

'ioo3,p!q_eouoas_un3e_ulsfl"ICO3aqaeIIaaas-paads-q_qaqaqa_

alq!ssodmIaqo3paAoadH-n0q3_PaaaaaI!JUl3o_dtttoaaqajo_ulu!qoem

CaaAa_OH"a_a_IOOaalqeaaaa_pou_u_snvopu_Xaoaoe_s!3esXaDA

_u_oqtte'glaq_ttsatuopaaojJ_p_gpu_'a-no'_£-na'_a-na'o_-na

tla!_paaeaai_Ju_saaedmoa_o£a_I_qeu_tlaeH"Sle_aaaemleauam_aadxa

uooaua3aadxa_u_u_qoemo^3suaaxauopaseqoar'aan3euu_a^Iaelaa

1964010669X-011



£_V.l,d,Jl._.e.mJt.n.w

.N_ISDRfll'IVDI}I_H(IS_I0(°_14XO0_IV)SS_IfLI39fI_I_SOHDIN_0NOSI_I%'-(INOD+/-C"91_I

1964010669X-010



(_lodalu3Kl_uanbasqnsPaAl.laa)

(m_'ss_u_a_q__Idme$)_._aoDuo3ss3msuez_.

)IoB6ZaeNuopase_

01x_I'_0IxLg'lB0"_L'_AV

L9"Ig_'gL
09"1LL".TL
6_'1_1"gLg
_'I_9"gL

01x6.7"109'gLIaL-nD
9-

01xI_'_01x+IL'I96"_/L'_AV
'7-9-

Lg'lEO'gLC
IL"I_8''7L.7
98'1£Z'gL
68"1'Te/'(3L

01x99"I0_''TLIcI-nO
9-

01xg0"Z01x09"1Zl'gL'_AV
_"9-

_9"I_-_r_-T"
19"I_O'gL'7
E9'IL6''TLE

OIx9g'I80"gLI_eI'no
9-

01x(_0"g01x19"190"gL"_nV
'7-9-

_9"I£_'gLg
Lg'l'7£_"gL
8g'l_''TL
L9'IL6"_2Lg

01x_9"I_6'"7LI_-nD
9-

01x_0"_OIxg9"I80'gL"_AV
'7-9-

 9"1T
69'1£1'gL+/
g9'l_:_'_L£
g9"l_"gLg

01x_9'I_8'_7LI_-na
9-

01xL6'l01z_g'lI_'(]L"_AV '7-9-
"T

gg'I_'gL£
Ig'I61_'gLg

OIx9g'IEO'gLI:t_'I_.S
9-

_s_Iu°!su_m!PIa;t°:l'I°_s't"mS"'_
.v._j:lua_at:_laoa"_,,:lu_.o_._I_t_oaI_ol:l_aomtI,ao./_'oN

NOI/,V"I'II/,SI(I14flflDVAk_S.I.NV'd&'II_INIelO'IVAOI4:R_I_ta.l".d[V
'SNOa,/,fl_Na.l,SONllIaa_LV'it'IIaNIk'lSnOIh'VA_10_Iv,tva/d,i'ii_iva14R.wa(INVAa,IgN.q(I

II-Calq_l

1964010669X-009



:uo!_Inq_

_u!moiio_oq_u!XI_!_qpez!amt_nso_mAphiss!q_jos_InseB

_pn_suoI_I!gul9osuo!snIouoD8"_

•pasnsp_pue_s_o_dmo__q_jo_!m!IuoI_epwnm!u!m

_dd00_aq_ueq_leMoIqonw_lq_qolds!_nI_Amn_InIIe_I_np!s_

aql"qS!qoo_swD_s_nI_AI_np!so_sn_oqdsoqdmdd0_eq__uoI_

-_iii_s!pXqpaAome__I!p_e_A_eAaqo___oedx_pInomauo_u!spue

'_ansseldlodPAq_q_IOA!_IOl_seqsn_oqdmoqdeouIs"eHpue_

'_'_V'no_oI_AO_Ol_uoIo!_o_IOA_o_pu_s_Ins_l_u!o_olo__ql

•elq_I_A_sp_epu_sq_!muo!_e_epjo2_m!I_samolse_!pul

nDmdd£_'_mdd00_al-n3q_3mpa_IIJU_suo_nK

nomddE_'(s!sXImU__m)_mdd0g__nDq_!mp_l_i_gulsuo_n_

nDmddE>'_mdd01>_-n3q_mpe_e_II_U!suo_n_

n9mddE>'_a__ddI>_-n9q_mpo_a_IIJU_suo_n_

nDmdd_>'_mddI>_-nDq3!mpe3_31_u!suo3_n_

_Vmdd0_"_Vq_mp_II_uIsuo_nH

-u_nbAqpBuIm_e_opa_m(uoI_eIII_sIp_a_suo_nqeq_uISuIu3_mB_)

S_UB_e_BI_np!se_'Aphisuo3Q_IIJU3Bq_u3densI_U!1_sV

_nnaeA_o_V__Du!s_u_m_I__u_l_l_UllenPIs_BL'_

'possn_s_p_Isno!Aoad'uo!_nleAOaIqd_a_oII_o_oq_

jo_qlq_!msao_g_uo_snI3uo_s!tlI"s_u_IIJU!_uoloJJ!poq_tl_3m

suoJ_o_laquJpoJle^o_oIpu_o_Smal_AOSOq_UIUOJ]_JI_A_uo!ojJJns

aqo_aw3dd__ouseopalaql"_i!m!sA_OAa_e_uo!o!JjooouoIss!m

-suva_pue_uajn!JJaO_Al!Ifq_amaadssem',(l!suap3osont_AO_nlOA_

1964010669X-008



"polJl_sn[oqlouplnooaoqlouejoosna_qa

qans'suol_lsodmoaaoq2ooq_s_oIqeaoa_Js__seol_esI3ueaallJUl

a_o/V_-nDoq2_ett_o_olpuTuol_t]so^ulslt!_jos_[nsoa'Ie_ouo_u_

uoT_eliT_s_mnnaeh2olJe

o_-no'o_-nDOH-no'_Vuo_s_un£u_s_uomolX_npxsoHas_oq

(soauo_a_jjp_uea!j_ugtsoN)-_amaodpue_suc_Ieu_uo_aaj_

(soauo_ajj_p]tma$jSu_jsoN)oan3anaasuaas_un£snoao8joaaoJJa

oa-na'o_-nouo_s_unJ,poaeaaI_JuI3oXa_I_qeujqaeN

oa-no'_VXaJtJqeaSInU°_aJscdu;°32ueaallJUI

a_-n9'oA-nDua_s_unj,jo_u!32_

suol3I§odtuoD2ue_lJJU_lSO_lPo3_nI_A_al3sl_ol_aellD

1964010669X-007



1964010669X-006



Oapueeanssa_dm_Su_s_poa_Isno_u_alnm!speaaa[qnssl_aed

-mooaq_9nq_"ss_wl_paod_q3uoeolo_aA_Ssaldmo_I_p_l_Sui_=exa

'KiI_O_s_i_/eAooaao_uIS_qsII_maIP_qa'pes_elo_ps__inss_d

melse'IeADMOH"seplsliewoljuoIss_idmoolDpunsTIDpmodpesse_d

_nqile_SXXeU_'Xll_aTaseI9<plea_nop_3ael_ep_lesII_aeq_"slIe_

_pI_s_q_o__p_odm|3Xqpo_imsue=asTpeoI_q__o?/I_noqe

'lepmodaq_o_a/nsso/dm_lI_x_un_ouo_avo!Idd_uodfl:SmOllOj

9__qo_p_A_!IOqs!s_In_el_qonsIo_uoseeloqZ"s_In_o_l_l_p!oti3

-uo_pou_uooXlq_l_AUIl_I_qau_peanpo_ds_a_dmoD"e_pIOO_s

i_uoi_ueAuo3mu!uD_s_un_I_oIla[|ds_D_dmo3o_s_dmD_eInjsseaansun

sno!A_Id_Oasneo_qpe_dop_sea_insse/d_solpXqXldd_o_plom

/aqqn/ejo_sn_q_"VI-_pu_I-_"sS_u_ut_oqsAlqm_s__peq_u_

_sd000'6_a_punKll_O_soapX4passaada_ms_o_dmoallV

s_.-"_&_9aap_odJ°_u!ss_a__soap-A'_I'?

.suo!aaasqns_u_moiio3_q_u!p_q_a_s_p_a_uo_

-mnieADpueuo!_ea!_q_3JosI!_O"pe_nieA__Iq_no_oqapu_poa_d_ad

s_m_Dz!SD_od_oSIOAaIoolq__epue_!Induou_o3_o_s_oz_uo!jo

so!losp_iioa_uoae'e_!__sl_eq__o7'snqz"popDoooldI_a_oaooq_

_u_31ed0_J°X_su_p_oSl_]_o]suo_Ija_p_odpaaaDIaS_elq_mox_

sl_z_uo_Iouo_mo_q__q_'(Z)pue(1)P_Idm°°_u_A_H"(£uo!aa_S)

sKoii__u_I_gU!joUO_S_S_AU!(Z)pue(Zu°!_°aS)su°_aa_aI_z!s

aopmodsnoia_A_os_s_l_u_pueuo!_a_doad(I)oaoaoseqdqoa_osoas!q2

9oso_!s!nbo_oa_"ao!3aosslq_u!KI_uonbosqnspoq!_asopsueomXqpo_e

-nleAaol_m_ul_Ins_asoln_onl_ssnoaodoql"pell!_s!p_nno_Apu__mloJ

uo_nqo_pouxq_m'_o/vg-noq_Impo]_l_I!_u!'pal_u!s'pass_Id_am

s_aedmoa's_amldsoaa_mu_as_unajosuo!laeaJpa_s9_IOaaaqaSu_sfl

Ra_MOaNXZSDN_&

qVOIRaHaSaa_agNI9aONOIgVgIRa_agggH3a_OaaN'VNOIgValBaVa"_

1964010669X-005



qm_u_ leO00".,

33NVNV3"I0WVtl

HIS'IV3SX'dflSSX_l_I3ZNO_a_q_IV
'SDSIO_NH'da0_N'(lqON_fl_DI.T.SYqIS
H.T.IM'NOI.T,DR$_qY]4_TGNY'III_SNIRSY_
'HY_q33-T-S9NIMOHSHI(]DNISS_a-_3OMO_

qYDI_ONIqAD_IOMRIANOI_9HSSSO_[3

VI-_"DI_

bl3ONIIAO1:13ggWdO_IP_O-II"II'IR-3
SOmO_i)leenv-e

PkLN_MO_O0310"133,1.S-V

3_I/ISS_ddDI.T.Y.T.S O_(U_I

_DYdHODU.T.(I._SAXqGH._SSV3IG

I-_°DI._

v/

1964010669X-004



"pouieaqos!Aoliesnoauo_omoqepuep!deaXI_A$_I_Ig$

CSUOX_!puo3osoq_aopunpolaojjo'aoddoooq_uxuo_aq_jouox_nlo$

"so_nux_0£aojuo_oapKqaopunDogLIIles_eoq13soa_$Aussauon_

-!_suoo_q__u!1_eqAqpoawdoadAII_nsns!KOlI_o_-nooqL"s_o_dmo3

uo_s_unapoKoll_unII__o_posnsem'I'_u°3_a°Su!poq!a3soP'_u_a_

-I!JU!_o/vg-nDoq_"g'_uo3_o_Su!p_q!aos_p_q_s__m_soq_s_m

s_aoqdsoao!mu_s_un_po_o_uIso_a_I!JU!o_posnpoq_omoq£

•oldnoaomaoq__3oashoq_ueqasoanae_odmo_q_qoq__e

OI_SaOAoaomqanmoqo_UOAoads_qpoq3oms!q_,'oan_aodmo_po_e3

-!pu!SAo_n_eaedmo_o_nIosq_,uo_u!_aoqa-ssoaasnq_pu__u!od_ux_iom

umou_]osI_Omoanduo_u!_q_!sKqsI_aao_u!_In_o__epo_aq!Iea

s!go_omo_Kdoq_"t:o3_mux_ao_poan_aedmo_jospola_djo!aq_ux_np

_doaxoso_suopuoamoajp_plo3qss!qa3qm'mopuxm_u_q_!s_q_noaqq

a_oadd1_o32dodqpoao_luo_sI_aoaoq_jooan_aodm_£"so_n_mnn3_A

uo!pueoldnooom_oq_q_oqq]!mp_dd_nbos!o_uanjoqz"sIoa_uoa

pu_sa!_ossaDDeI_O!=_alo_dmndmnn_ao_e]ado=dd_q_xa_aoqmeqaad_

-IlaqEu_s_uamoIa2o_s!saa-_aoqsua_sEun_jos_s!suoaal"g-_"_]_

ux.umoqss_.pasnaamuanjaq%"=ao_9-01o_g-01=apunDo00EZ-C091

josaana_aodma__Epomaoja_ds_ms_oEdmoalIEjo_u3aa_u!s

•ax_dePOlIndoq_t!peoau_a'oaojoaoqa'pu_uo!suoaoa

po_aa[qnsstaaedmoaotI_'pa_od_]AIo_nbopes!aa3a_^plomoq_SSOlU_

•£iieaoa_i_u!aoAoooaoaoj_qoa_uolao_spuoaplomoqa'uotssaadmoaop

ucdfl"oanaeoj'u_!sopaueaaodm!_aOAeOSles!so!a!Aeaplomaqa70

odeqsIOaa_qoqL"saa_dmoaott]moaja_amsoaomaoqqnaoqa'uoxssoadmoa

-optlO'OOU!SsooaoJa_oqssoaeu!m!IOVI-_pu_I-_"s_Jooanax_J

aaasu!aoqqn_Otlau3tta!_saaoqdsoaa!muo_s_unajo_u_ssOad

"sana3oa_o;isam1]alnSOaOil]tlala'oanssoadleaO_eIgulseoaauI

1964010669X-003



1964010669X-002



o_oa_sgu!_eooadToaa_aoqsXaa^_q_(q)'ao!Aopoq_JosnIXnSpuowe!p

_q__qsa_ejans_q_joguIaaem(_)joosneooqInjSsao3ns_ousemsiq_

_ujma_epo__ptnes_m_dw_eue_eo!A_pao_e_oI!_Oad__UlSN

"I_Ompa_ao_s!pjoaeXeIulq_eq_!mw_q_

_UlaOAO0_S_Cd_q__OAOae_mgo_XouDpuo_paBaemesequa_sgun_eouls

_u_odmjs!uoj_nwooadslqZ"pasodxa_IInJoa_ms_aodp_I!!j-aaddo_

oq__eq_u!ezao3seozuoi3eu3m_xaoldo3soa3!mXqpa_uawaldwlsemgu!

-qsjlcdIeUld"sao_jo_Isoddo_q_uopasnsemaanp_poadgu!qs!!od_mes

aq_pu__pa_unemaa'pasaaAa_aaamXaq__s_I_iX_idaq_moajsuo_nqaq4

joI_^O_a__a_JV"aa_muIsuo!suadsnq_u!wnIe_apu!q_IIeU!Jpue

_VaPU!qq_3m'q_olouoIXNe_u!snauopsem_u3qs_IOd"saadedeu!mnle

0000pu__000_00_0DA!SSGODR_UO_apauopsem_u_pu!a_I_u!z"aaded

_aemaapIqaeouoo!IIS_!ag-C09pue-009uopunoa__ampueseIg!Xald

u3pa_unomuaq_aaamsuo_nqaqz"aauue__uIo_aaoJaq2u__u!pu!a_

_saI__qp_npoadaaamsaqsIIodao_aTw_IqdeagoII_amaq_

•pesnaaams_uamaaau_,,g000"0aaaqm'sasset_,'_pu!agom_3seIaq_o_

t_ops]uamaaau3,,100"0uJ(uoIsln_aIIO-ae_em)_am_uopsem_uIpuja8

s_qE"_es/_9"L9semm_3_jansuo_inqatl__e_oI_A_u!pu_a_aeeu!I

q_Imssaupa_q__apIqae3uo3!IIS_Iag9_)[_aqm_ujpulagMA_'9_DLE

uo_aoNeq_impe_npoadaaamsooe)punoagBu3qoe_eqZ

"_-9"_I_u!umoqsdn-_asIoo_aq9o__uIpaooDepB3npoadBalm

muo_inqaa_juoIaq_josa3e__q_uoSatl_IU!_pauan__t|3_IatlZ

:smoliojsepo3npoadaaemseoejanses_q_'paqs31od

LIie3!qd_agOile_awpue_punoa_aultlomu'peuan_aq_el:satlsjujjoo_

-ans_uaaaJ_!poaatl4tl_tmPeUltlomuaaamsuo3_nqa_z_uo!'_311Iom_maad

tlO_n_xo3DD_nS_0_3aJ_OotI3ouImaO_opo_aapaou:

1964010669X



TURNING
AXIS

J _,._ 12I/; END RELIEF TOOLBASE

FIG. 4-3 LATHE TOOL CONFIGURATION AND ORIENTATION WITH RESPECT TO FACE OF

IONIZER BUTTONS (HIGH-SPEED STEEL VASCO HYPERCUT TOOL)
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necessitated on the 3/16"-diameter faces, and (c) lack of a proper

fixture to hold the small buttons imnobile during testing. It was

decided, therefore, to determine the average contours of surfaces

produced by identical machining procedures on high-carbon drill-rod

steel. _lile the inherent machinabilities of the ionizer buttons and

the steel are not the same, the material substitution does provide a

reasonable approximation. The replicated steel samples had average

peak-to-valley contours of:

60 RMS (microinches) for the lathe-turned surface,

6-1/2 RMS (microinches) for the machine-ground surface,

<i RMS (microinch) for the metallographically-polished surface.

A second replicated turned surface on 347 stainless steel was found to

have a 55 RMS finish. Since an austenitic stainless steel and high-

carbon tool steel are kno_a to have different machinabilities, it is

thus indicated that machining procedure, rather than machinability, is

the major factor influencing the surface finish produced.

After distillation of the infiltrant, typical buttons were

photographed. Buttons with 3 different surfaces are shown in Fig. 4-4.

The white lines across the buttons were caused by contact with tungsten

wires, used as spacers during distillation.

The effect of the various surface-finishing operations on

permeability coefficient will be discussed in Section 4.8.2.

4.5 Pr__ep_arationof Comparison Ionizers from H2-Reduced Porous

It was considered technically sound to obtain a complete p_re

characterization of a commercial porous tungsten and to include it as

a comparison material in the ionization performance testing. Therefore,

• a bar of sintered (infiltrated) H2-reduced tungsten was purchased from

the Philips Metalonlcs Corporation of Mr. Vernonj New York. The Mod. B
i

i grade obtained was reported* to be made from the finest H2-reduced

! powder fabricated currently to large porous pieces by Philips. Several

* Private communication with R. M. Klein, Sales Mgr., Philips Metalonics.

3720-Final 4-7
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Surface Groond Metallographlcally Polished

FIG. 4-4 APPEARANCE OF IONIZER BUTTONS WITH THREE DIFFERENT SURFACE FINISHES

(Mas.= 18X)
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ionizer buttons were prepared with a surface ground finish, following

the same procedure given in Section 4.4. A cylindrical Porosimeter

sample was also machined.

4.6 Vacuum Distillation of Infiltrant from lonizers

Removal of the Cu-2 A/o Fe infiltrant from porous ionizers

is usually effected at temperatures of 1800-2030°C and at pressures

down to I x 10-5 torr. For work under this contract, a final distil-

lation temperature 50°C below the 1800°C sintering temperature of the

finest powder buttons (E3, I-4_) was selected. The distillation con-

ditions were held constant for all buttons and porosimeter samples

fabricated, including the Philips Mod. B samples. Thus the probability

of additional sintering, shrinkage, and structural change during dis-t
l

tillation was minimized. However, the lowering of distillation

temperature also introduced the factor of less thorough removal of

(infiltrant) iron, as discussed in the subsequent subsection.

For vacuum distillation, the ionizer buttons were placed o_

edge in rectangular tungsten boats. The interiors of the boats were

coated with MgO to prevent coherence of the battons to the boats.

Tungsten wire stables were used as spacers to separate the buttons.

While use of the MgO "parting" film has no apparent detrimental effect

on pure tungsten, its use is not recommended in close proximity with

W-Ta alloys. This will be discussed further in Section 6_.

A complete flow sheet of the process, used to fabricate the

three size fractions of tungsten microspheres, is shown in Fig. 4-5.

This includes data on pressing, sintering, machining, and vacuum dis-

tillation, as well as on average final densities achieved.

4.7 Fin_._a!Purity of Ionizers

Spectrographic analyses of the E3 (1-4_), E6 (3-6B), ETA (4-8N),

and Philips Mod. B buttons were obtained after the constant vacuum

distillation trea=ment. In review, this treatment consisted of heating

at 1500°C for 15 minutes and at 1750°C for 45 minutes at I x I0"5 tort

1964010669X-004
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-DENSITY IONIZER BUTTONS PORESPECTRAL
MEASUREMENT ANALYSIS

'""2"'TNI """1i LATHE TURNED I MACHINE GROUND IPOUSHEDSURFACE
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FIG. 4-5 FABRICATION PROCEDURES FOR IONIZER BUTTONS FROH 3 FRACTIONS
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ambient pressure. Results of the analyses are given on page A9, Appendix,

in a certified spectrographic report of the Materials Testing Laboratories.

These results indicate no differences in impurity levels to the lower

detection limits, other than in the residual iron contents. The latter

are surprisingly high in view of values previously obtained with final

distillation at 1800°0, as follows:

Powder Buttons DiJtilled at, Residual Iron_

Lot-Size Fraction °C/min ___ ppm

C-unclassified 1500/30 and 2000/15 i0Previous
D-Frac 8 1500/15 and 1800/45 i0

E-Frac. 3 1500/15 and 1750/45 170

E-Frac. 6 1500/15 and 1750/45 165
Recent

E-Frac. 7A 1500/15 and 1750/45 94

Philips Mod. B 1500/15 and 1750/45 290

* Sample density =,_/75 percent.

For all other samples, density ffi._.80 percent.

The foregoing values would indicate a much greater efficiency of iron

removal at 1800 than at 1750°C. While this is possible, it does 1_ot

seem probable. Therefore, the spectral line densities obtained for

these samples have been rechecked. Since no interpretational errors

were found, additional samples will be submitted for checking in the

follow-on contract. Should these higher iron contents, detected after

final distillation at 1750°C, be verified subsequently, the conclusion

i that residual iron is not as detrimental to ionization performance as

initially feared would be indicated.

! 4.8 Pore Characterization of lonizers

4.8.1 Density

In order to determine the conditions necessary to

sinter the three different fractions of spherical powder to 80 percent

target density, preliminary samples were first pressed under 59000 psi,

hydrostatic pressure. These samples were shaped to rectangular form,

measured, weighed, and their as-pressed densities were determined.

They were then sintered under 5 x 10-5 tort pressure in 30, 30, and
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60-minute increments, such that a cumulative sintering-time series of

O, 30, 60, and 120 minutes was obtained.

"Density vs sinCering time" curves obtained are plotted

in Fig. 4-6 (for 1800°C) and Fig. 4-7 (for 2000°C). The trends shown

are in agreement with theoretical expectations, i.e., a continuous in-

crease in density with sintering time for al] samples, more rapid

sintering of the finer powder fractions than of the coarser fractions

at both temperatures, and more rapid sintering of all samples at 2000°C

than at 1800°C. In order to intercept the 80 percent density level, an

additional sample of powder fraction E7A was sintered at 2200°C and the

curve obtained is included in Fig. 4-7. Curves showing the sintering

rates of the unclassified base Lot E powder are also drawn in these

figures.

Based on interpolation of the curves of Figs. 4-6 and

4-7, and on the final vacuum distillation treatment used, sintaring

conditions were selected to yield the densities estimated below.

Actual final (avg.) densities of buttons produced subsequently are

listed also.

Estimated Estimated Actual

Sintered Density Density

Density, after Vacuum after Vacuum

Powder Sin_ering percent of Distillation Distillation

Fraction Tem .___C Time_ min. theoretical of Infiltrant* (29 Button Avgs.)

E3 (I-4_) 1800 60 75.3 79 80.7 '

E6 (3-6R) 1900 90 77.8 79.3 80.5

E7A(4-8_) 2100 70 78.6 79.6 80.7

* Distillation at 1500°C for 15 min., plus ]750°C for 45 min.
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Final density data on all buttons prepared from tile

E3, E6, and E7A powders are listed in Tables 4-1, II, and III. Final

density data on the Philips Mod. B tungsten are listed in the tabula-

tion below:

Button No. Density, percent of theoretical

PB-G-I 80.62

PB-G-2 80.57

PB-G-3 80.62

PB-G-4 81.19

PB-G-5 81.30

PB-G- 6 8i.40

PB-G-7 80.36

Avg. 80.87

As Tables 4-1, II, III, and the above tabulation show, the density of

all the ionizer buttons used in this research were held as close as was

technically feasible to the target density of 80 percent.

4.8.2 Mass Permeability Coefficient

Determination of the permeability of porous bodies,

with respect to a diffusing gas or vapor, is a reliable and simple

means of determining fluid-transmitting efficiency. Permeability

coefficients, in contrast to density values, are extremely sensitive

to subtle changes in pore structure. For these reasons, permeability

coefficients have been determined on all ionizer buttons produced under

the current and previous NASA contracts.

• A sketch of the permeabil_ty apparatus used at Electro-

Optical Systems is included as Fig. 4-8, with the associated electrical

circuits shown in Fig. 4-9. A porous sample button (of 3/16" dia. x

.04" thick) is clamped in the test fixture within a neoprene "O" ring.

Compression exerted by the fixture presses the "O" ring tightly against

the cylindrical surface of the button, sealing it so that only the

button face area is exposed to the diffusant gas. Other components of

_,n ,,, .i A-IA
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the apparatus consist of a nitrogen tank, drying tower, solenoid _as

valve, mercury manometer, and a gas chamber of kno_ volume. The

nitrogen pressure between the tank and the solenoid valve (see Fig. 4-8)

is first adjusted so that, when the solenoid valve is opened, the mercury

in the manometer rises to above the upper electrical contact embedded

in the manometer wall, Energizing of the solenoid aiso admits nitrogen

to the gas chamber of known volume and initiates diffusion of nitrogen

through the porous sample. The solenoid is then deenergized by releas-

ing the "start button", and the nitrogen pressure begins to decrease by

diffusion through the sample. As the mercury in the manometer breaks

from the upper electrical contact, the stop clock is actuated electri-

cally. It continues to run until the mercury breaks from the lower

contact, located 40 mm below the upper contact. At this instant, the

clock stops, recording the time increment "St" required for the known

gas volume "V" to undergo a 40 mm Hg pressure decrement "bP " by dif-nun

fusion through the porous sample. The "St" value obtained in this way

is accurate to within _ 0.01 second.

Mass permeability coefficient is then calculated by

Carman' s formulal:

K ffi (bm) _ , gm. cm .sec .ramHg

where
5P .V'M

mm

bm = RT , gm of N2 diffusing in 5t seconds

M = gm/mole, molecular weight of N2

R = ideal gas constant

T = OK, absolute temperature

-i
L/A = cm , length/area ratio of test sample

_mm = mm Hg, mean differential between gas chamber and
atmospheric pressures during 5 P decrement.[,/n

I. Carman, P. C., "Flow of Gases Through Porous Media", Butterworth,

London, 1949.
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All permeability coefficients reported herein were

determined using the following parameters:

Diffusant gas, nitrogen

M, 28.02 gm.mole "1

40 mm Hg -_ 05_6 atmospherebPmm' -- "

_mm' 380 mm Hg

3
R, 82.057 cm .atm'°K-l'mole "I

T, 298°K

V, 28 cm3 gmt or _1000 cm3_m, (1.688) (10) -3 L(60.273) (lO)'3gm

The values of permeability coefficient, derived by

the foregoing method, not only provide accurate comparisons between

porous samples, but are reputed to be independent of the diffusant

gas used (providing the gases are stable and non-reactive with the

sample).

Permeability coefficients are listed in Tables 4-I,

II, and III for all E3, 6, and 7A ionizer buttons prepared. "Permea-

bili=y vs density" data from these tables are plotted in Fig. 4-10.

Here it is seen that the data points lle within distinct bands, the

permeability coefficients increasing with decreasing density in a

logical manner. Aw_rage "peT._meability vs density" values for the

various button categories are indicated by oversized legend characters.

Data scatter bands for the machine ground and metallographically

polished ionizers a:t:eessentially congruous (within each particle size

category). This indicates I:hat the machine grinding nnd polishing

operations do not haw_ significantly different effects on ionizer

surface distortion and pore closure, However, the data bands for the

lathe-turned buttons are consistently shifted to the left toward lower

permeabillties_ indicating ,pore closure by surface deformation, As
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a result of these findings, it was decided that all ionization testing

would be performed on buttons having a standard machine ground surface,

rather than the deformed turned surface or the costly metaliographic

surface.

Permeability and transmission coefficient data for

the seven buttons of Philips Mod. B tungsten are given in the following

tabulation:

Button Density, Percent Mass. Perm. Coef. Transmission
-I -I -i

No.__ of Theoretical gm.cm .sec .torr Coefficient

PB-G-I 80.62 0.693 x 10-6 12.845 x 10-5

PB-G-2 80.57 0.657 12.088

PB-G-3 80.62 0.722 13.383

PB-G-4 81.19 0.602 11.076

PB-G-5 81.30 0.627 11.480

PB-G-6 81.40 0.527 10.919

PB-G- 7 80.36 0.752 13__8!0

Avg. 80.87 0.664 x 10-6 12.237 x 10-5

Permeability values for these seven buttons, machined from adjacent

locations in a small bar, are quite uniform. Their average permeability

i of 0.66 x 10-6 is somewhat higher than the 0.46 x 10-6 value obtained

! for the coarsest spherical powder category, E7A (machine ground) ThisI

is shown g' _phically in Fig. 4-11, where the permeability variance

(for all bu: on lots evaluated, current and previous contracts) is

plotted.

4.8.3 Derivatio____nofTransmission from Permeabillty Coeff£cients

Correlation of mass permeability coefficients with

dimensionless transmission coefficients was requested. That such corre-

lation may be invalid is recognized, since transmission coefficient as-

sumes free molecular flow while permeabillty coefficient was determined

wlth continuum flow. In order to translate permeability to transmission

coefficients, it was necessary first to derive the latter in terms of
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F

_i the mm Hg pressure units used in the former. This derivation, together

with definitions and units of the s)mabols used, is included as page AI0

]i _ of the Appendix. It indicates that, for nitrogen gas at 298°K, the

transmission coefficient may be expressed as

(8.428)(I0)'5(v)(sPrain) (8.428)(I0)-5(v)(_Pmm>

_- c = (A)(St)CPm) ; or CA)Cat)= (C)(P_m) (
!
_ As described in Section 4.8.2, mass permeability

coefficient is

(_m)(L) (_m)6)
K ffi(A)(at)(/APmm); or (A)(St)ffi(_Pnln)CK) C

Equating (a) and Cb),

-5
(8.428) (10) (V) (SPrain) _,Pmm) K

C- • - (o, ) Cam) Li "

Substituting in (c)

i the parameters: V ffi28 cm3, 5Pn_ ffi40 mm Hg, L_Pmm ffi380 _mHg

_' P = 1120 mmHg, and am ffi(1.688)(i0) "3 gm

I! m
18.973 K

ii C = L , dimensionless (

I In checking that the value of C (calculated from..- C " 18.973 K/L) is non-dlmensional, it is necessary to refer to equa-

,, tion (8) on page 10 of the Appendix. Here the units of _2RWRT *

I! _ (8.428)(i0) "5 are sec.cm "I. Inserting (into equation (c) above) the
-I

sec.cm units for - ---(8.428)(10)'5_ along with units of the other pinta-!
2

meters used, the units of the 18.973 factor become cm .sec.mm ltg.gm -1

These units, in turn, cancel those of the K/L ratio.

I , . J m.

• Where M = gm/mole, R = ergs/mole.deg_ and T = deg.

i
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4.8.4 Mercury Intrusion

The feasibility of characterizing the pore structures

of tungsten ionizers by mercury intrusion was determined under this

contract. The intrusion method appeared to offer several advantages

over optical methods, sinc_ it eliminates the need for developing the

true pore structure by metallographic polishing and removes the ele-

ment of human error possible with pore counting and intercept methods.

Further, mercury intrusion offered promise as an economical quality-

control method.

All mercury intrusion data reported herein were

obtained at the Prado Laboratories of Cleveland, Ohio, using an Aminco-

Winslow Porosimeter. This apparatus consists primarily of a pump to

evacuate the sample, a mercury pressurizing mechanism, and a Penetro-

meter component shown in Fig. 4-12. After evacuation of air from the

sample, mercury is forced into the pores under pressures up to about

5,000 psi and the cumulative volumes intruded are measured at stand-

ardized levels of increasing pressure. For pores of the capillary

type, correlation of mercury pressure with cylindrical pore diameter

is obtained through the Dupr_ formula D = -4e cos e/P, cm. Here ¢

(the surface tension of Hg) is taken as 473 dynes/cm, and e (the wet-

ting angle of l._g)as 130 °, such that the units of P are dynes/cm 2.

Application of the Dupr_ formula to the intrusion data

for sintered tungsten ionizers yielded mean pore diameter values sev-

eral times smaller than values calculated from pore counts on random

cross sections. In retrospect, the reason for such discrepancies

appears to be that the ionizer structures are not of the simply capil-

lary type. Rather, they consist of interconnected networks of channels

of greatly variable cross section. Thus, what appears in a plane view

as a large pore is actually a void space, connected to the maze struc-

ture by perhaps several restricted channels or necks. Th_s, treatment

of the intrusion data as for capillary porosity can lead to interpret-

ing a single (relatively) large void as many small capillaries, having
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the diameter of the largest access channel. This, in turn, leads to

concluding a smaller-than-actual mean pore size and pore size distri-

bution than determinable directly from photomicrographs.

Since complex ionizer structures apparently do not

permit application of the Dupre capillary formula, actual mercury

pressure ranges (rather than correlated pore size ranges) are listed

in Table 4-1V. Here, the mercury intruded over the respective pressure
3

ranges is expressed both as cm volume and as a percent of sample vol-

ume. These data indicate the relative restriction of the complex maze

structures, i.e., the more restricted the maze, the higher the pressure

required to intrude mercury. Boxed valves in Table 4-1V, indicate the

largest intruded volumes and may be compared readily to the intrusion

pressure for the various samples.

Densities of the intruded samples are expressed in

Table 4-IV as a percent of the theoretical density of tungsten. Total

pore volume, expressed as a percent of sample volume, is calculated

simply as I00 percent - percent of theoretical density. Occluded pore

volume is taken as total pore _,31ume minus open pore volume, where

open pore volume equals the total volume of mercury intruded. In gen-

eral, Table 4-IV indicates that the finer the starting powder, the

greater the occluded pore volume after sintering. This effect is more

apparent for the unslzed spherical powder samples than fo_ the sized

powder samples.

Data obtained on Philips Mod. B H2-reduced tungsten

and on unsized (coarse) Lot C tungsten are included in Table 4-_V for

comparison purposes, the latter having been used exclusively in the

previous contract. The initial average particle diameter of the

Philips base powder could not be obtained, while the 3.47_ diameter

given for Lot C is taken to be the same as that of Lot D (analyzed

under this contract). This assumption is believed to be'reasonable

since Lot C and D powders were reported by the Linde Co. to have been

produced by the same technique from the same starting material.

4-26
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The data of Table 4°IV indicate, as expected, that

( the pore structure of the unsized (fine) E powder ionizer is finer

_ than that of the unsized (coarse) C powder ionizer. The pore structure

, of the Mod. B tungsten is indicated to lie between the unsized E _nd

_ C tungsten, but closer to the latter. The intrusion data, given for

the unsized E sample in Table 4-IV, are surprisingly similar to those

of the E-fractlon 3 sample. Samples prepared from sized Lot E powder_

fractions 3, 6, and 7A, are indicated to form a series having increas-

ing coarseness of pore structure. This is readily apparent in Fig. 4-13,

where open pore volume is plotted against mercury intrusion pressure.

4.8.5 Metallographic Analysis

Metallographlc analysis provides information on pore

_ diameter, number of pores per unit area, s_ructural uniformity_ pore

< conflguration_ and width of diffusion bridges, as well as allowing
\

direct visual comparisons. Techniques for defining the structure of

porous tungsten have received considerable attention under this con-

: tract, and great strides have been made toward the end objective of)

L

revealing the true pore structure.

The preferred materials and general technique used

to pcllsh unalloyed porous tungsten under this contract are as follows:

_ Mounting Material - Green Bakelite (Buehler No. 1382)

Mounting Pressure - 4200 psi
>

,. Grinding Papers - 240 Silicon Carbide (ist)

- 320 Silicon Carbide
'i

- 400 Silicon Carbide

- 600 Silicon Carbide (last)

Polishing Cloth - Nylon (Buehl_r No. 40-7058)

Polishing Wheel Speed - 930 RPM

P01ishi.g Abrasives - Linde A (0.3_ A1203) in water (ist)

- Linde B (0.05_ A1203) in water (2nd)

Etching - By differential oxidation of Cu-base

4 Lnfiltrant at 150°C in air for i0-20

' minutes.

i
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Microstructures were obtained on representative

samples of all experimental materials developed, as well as on com-

mercial (H2-reduced) porous tungsten. All photomicrographs were

taken on Cu infiltrated buttons and at 400 x magnifications or higher.

Figure 4-14 shows the pore structure of a fine

(H2-reduced) powder ionizer, the permeability of which was at the

mean value of i000 buttons. Its structure is compared to that of

Philips Mod. B tungsten, also reported to be prepared from H2-reduced

powder. Typical an_ inhomogeneous areas are shown for both materials.

Figure 4-15 shows the typical pore structures of all

classified spherical powder ionizers prepared under this contract,

plus that of an ionizer (CU-48-2) prepared under the previous contract.

Figure 4-15 also includes the structure of an ionizer button (EU-4)

prepared from unclassified (fine) Lot E powder. Data on the parameters

of the powders used, and on final (distilled) density and permeability

are also indicated. The marked pore size difference between the un-

classified Lot E (fine) and Lot C (coarse) powder buttons is immediately

apparent. The increasing pore refinement of the E7A, 6, and 3 buttons

is also apparent. The general pore size of EU-4 would appear to be

comparable to E6-P-9. Comparison of the unclassified powder buttons

with the classified buttons indicates that the former undergo appreciably

more particle agglomeration than do the latter_ apparently due to the

relatlvely-large initial percentages of fine particles. This observa-

tion is in agreement with metallurgical expectation.

Figure 4-16 shows inhomogeneous areas in the same

series of buttons (illustrated in Fig. 4-15, preceding). These areas

are results of initial powder-packing faults and are not considered

as serious shortcomings, due to their infrequency. This is demon-

strated in the 20 x macrographs of Fig. 4-17.

Revelation of the finest pores in porous tungsten by

metallographic polishing is extremely dlfflcultj such that progressive
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improvements in technique have brought to light finer and finer pores.

The following conclusions are noted as being pertinent to this problem.

(I) A reasonable facsimile of true pore structure

has not been shown on non-infiltrated tungsten.

i (2) An infiltrant, softer than the tungsten matrix

(such as Cu or Ag) tends to polish in relief, i.e., below the plane

of the tungsten.

(3) Despite the non-ductile nature of tungsten at

room temperature, it has a marked tendency to smear when polished and

to cover the infiltrated pores. This tendency is particularly pro-

nounced with respect to the very fine pores.

(4) Because of (3), it is desirable to terminate the

surface preparation with alternate light polishing - chemical etching 3

i with etching being the very last step. When properly prepared, the

! tungsten grain boundaries should be faintly visible.

i (5) Choice of metallographic lens becomes a compro-
mise between one having adequate depth of focus to accommodate surface

relief and one having good resolving power (with lesser depth of focus).
{

4.8.6 Determination of Mean Pore Diameter and Pores per
Unit Area from Pore Counts

_ Using metallographic polishing techniques described

in the foregoing section, ionizers from each powder category were

photographed at either 1,200 or 2,000 x magnification. A minimum of

four randomly-selected areas were photographed on each ionizer. Rec-

tangles 8 x i0 cm were drawn accurately on each photomicrograph. All

! pores inscribed were counted, and pores intersected by the edges of

the rectangle were tallied as half pores. Pores per unit area were

then calculated as:

(Pores Counted)(Mag.)2 = Pores
(lO) (80) cm--T--

; Mean pore diameters were calculated from the pores
t

per unit area values. It was assumed that the cross section of a
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photomicrograph shows a percent pore area equal to the percent open

pore volume (obtained by Hg intrusion). This assumption is valid for

a random section plane of homogenously porous material. Calculation of

mean pore diameter was as follows:

Pore area fractlon/Area of a mean pore = Pores per unit area

__._2 Pore area fraction Percent open pore volume

4 Pores per unit area (100)(Pores per unit area)

Percent 0_en pore volumeffi 0.1128 Pores per unit area

Values of mean pore diameter and pores per unit area

(obtained from pore counts) are given in Table 4-V for the various

ionizer categories.

4.8.7 Spherical Powder Parameters vs Final Pore Characteristics
of Ionizers

A summary correlating spherical powder parameters with

ionizer pore characteristics is presented as Table 4-V. The data

listed indicate generally that, as the mean diameter of the initial

particles increases :

(a) the volume of occluded pores decreases

(b) the mean pore diameter increases

(c) the number of pores per unit area decrease_._._s

(d) the permeability and transmission coefficients

increase

The unclassified Lot C powder, having the broadest size distribution

(88.9 percent of I'7[L particles) and a mean particle diameter of only

3.47_, yielded the coarsest pore structure. It was necessary, however_

to slnter this powder at 2,200°C for 70 minutes to reach target densLty.

It is reasonable that appreciable diffusion of small into large par-

ticles occurred at this temperature_ resulting in a much coarser

porosity than the mean initial particle diameter would indicate. The
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Philips Mod. B material is not included in summary Table 4-V since

it was made, reportedly, from H2-reduced powder, the size distribution

of which could not be obtained by Electro-Optical Systems.
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5. iONiZATION PERFORMANCE OF SINTERED POWDER

The ionization performauce was obtained by the measurement of

neutral fraction and critical temperature as a function of ion current

density and ionizer structure (i.e., pore size and pore density). These

parameters are _epresentative of the ionization (propellant utilization)

efficiency and ion generation energy efficiency, respectively. These
I

criteria are related to ion engine parameters and treated in detail in .

5.1 Test Apparatus and Instrumentation

The ionizer test apparatus was similar to that used in ex-
I

periments described by La Chance, et al2'3'4. The modifications include

a looped cesium feed tdbe and gas cooling coil on the ionizer-r_servoirt

" assembly, insulator shields and simplified feedthroughs for the ion

engine, larger slits and larger filaments for the neutral detector, and

an indirectly cooled collector (see Figs. 5-1 and 5-4).

The ionizers were Mo-C-B brazed to the molybdenum holder which

was directly heated by a sheathed tantalum heater. Ionizer temperature

was measured with a W5% Re - W26_ Re thermocouple in a 1/16" O.D. tan-

talum sheath. This sheath became brittle and frequently failed during

disassembly. The thermocouple junction and sheath was subsequently re-

welded. The cesium reservoir temperature was measured with a chromel-

" alumel thermocouple in an inconel sheath. The thermocouples and cooling

I. G. Kuskevics, "Criteria and a Graphical Method for Optimization of
Cesium Surface lonizer Materials", Electro-Optlcal Systems, Inc.

RR-3, January 1962.

2. M. LaChance and G. Kuskevics, "Ionizer-Reserveir Development Studies",

Electro-Opt_ :al Systems, Inc, 2150 Final Report, May 1963.

3. G. Kuskevics and B. L. Thompson, "Comparison of Commercial Spherical

Powder and Wire Bundle Tungsten Ionizers", AIAA Jour. 2, No. 2D

284-294,(1964).

il 4. G. Kuskevics and J. M. Teem, "Surface ion Source Phenomena and
! i. Technology", Electro-Optlcal Systems, Inc. RR-16, September 1963.

i
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_IG. 5-1 MODIFIED ION SOURCE SHOWING LOOPED FEED TUBE, RESERVOIR COOLING
COIL AND INSULATOR SHIELDS

)
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lines passed through one alumina high-voltage insulator with a neoprene

gasket seal also serving as the low voltage insulator_ Both temperatures

were recorded on a 2-channel potentiometr_c typ_ recorder _ich operated

at the high voltage. A special circuit chopped tbe ionizer thermocouple

output_ then put it through a high voltage isolation transformer so that

it could be recorded at near ground potential versus the ion beam current

on a X-Y recorder.

The accelerator structure shown in Fig. 5-2 uses a 45° beam

former and accei-decel electrodes in conjunction with -25 kv accel and

+7.5 kv ionizer high voltage supplies which limited the maximum ion

current density to about 60 ma/cm 2. A special tool was used to align

electrodes to within _0.01".

The emitter and accelerator currents can be measured on multi-

range ammeters.

For all experiments, the M2 neutral atom detector (see Fig. 5-3)

could be rotated about an axis point through the ionizer. The ionizer-

to-detector filament distance was 6 inches. The slits were enlarged to

0.040" x 0.200". The angular position was about 15° to the geometric

beam axis with some adjustment to correct background and stay out of

the energetic ion beam. The detector was equipped with a shutter

operated by an electromagnet.

The ion collector shown in Fig. 5-4 has straight (instead of

concentric) copper baffles at 45° . The structure is cooled by radiation

and conduction (not directly as before) from the liquid nitrogen liner.

The tungsten ribbons used for secondary electron suppression were 0.003"

thick and 0.I00" deep, intercepting several percent of the beam. A -90V

suppression voltage was used. The collector current is recorded on a

potentiometrlc chart recorder and the X-Y recorder.

The new vacuum system shown in Fig. 5-4 used in these experiments

was capable of operating in the 10-8 tort range without load and in the

high 10-7 tort range during the high current operation periods. The i x 3

ft. c_amber has a flooded stainless steel LN2 liner. The I0" oll diffusion
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pump was connected ro the vacuum chamber through a liquid nitrogen

cooled elbow which served as an antimigration trap. With the multihole

liner in front of it and the single 45° restriction, it is a two-bounce

trap.

5.2 Test Procedure

To measure the ionization properties of a porous ionizer, it

must be sealed into a leak-tight high temperature assembly which is

connected to a medium temperature cesium reservoir. After reservoir

loading and ionizer conditioning the critical temperature and neutral

fractionare measured for different cesium flow rates.

Even though the nitrogen permeabilltles of the porous materials

have already been measured previously, the apparent nitrogen permeability

of the selected ionizers is measured again after brazing and after

ionization measurements. Comparison of these values allow the detection

of leaks, indicate the amount of braze infiltration, and show the ionizer

stability during the test.

The ionizer temperature is raised to 1840°C in I0 mln. during

brazing and allowed to cool for an hour. It remains near the brazing

temperature only for a few seconds. The assembly is bubble-tested under

acetone and photographed to record the appearance (such as surface finish,

braze infiltration, surface defects).

A few grams of cesium were loaded into the reservoir using

regular dry box techniques. The oxygen content of the cesium is not

known. Upon removal of the ionizer assembly from the dry box, the

cesium in the reservoir is under one atmosphere pressure of nitrogen.

The low permeability of the porous ionizer is the only barrier against

the infusion of alr while the assembly is mounted into the accelerator

and transferred into the vacuumtest chamber.

Next the active ion emission area is measure_ by the diode

sputterlng pattern method described in5. With a gap of 0.I00" to 0.170" an

accelerating voltage of 6 kv insures emission-limited operation and reduces

5. G. Kuskevics and B. L. Thompson, "Comparison of Commercial Spherical

Powder and Wire Bundle Tungsten Ionizers", AIAA Jour. _, No. 2,
284-294 _.(1964).
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i space charge spreading. Then with tlle accel-decel structure_ the

I ionizer is heated to about 1250°C while the vacuum is about 10 -7

torr. The reservoir temperature is raised slowly to about 0.5 ma

(3 ma/cm 2) with the +5 kv on the ionizer and -i0 kv on the accelerator

electrode. The X-Y recorder is calibrated against the chart recorders.

Ion beam is observed by raising argon pressure in the tank to see that all

of it hits the target. The glow at the target within the beam impact

area and carget current voltage characteristic also provides a check on

this. The secondary electron suppression is checked by observing con-

stancy of target current with 45 and 90 volts.

The neutral detector alignment is checked by insuring that the

light from its filament illuminates the porous ionizer. The filament is

,j baked at 1200°C until background current is a few nanoamps. The shutter

operation, ion deflection and filament voltage are checked. The neutral

"i fraction is checked over angles between 10-20 ° to check on its constancy
J

and best location. The ion current-voltage characteristics are checked

1 prior to each measurement at a new flow rate.

Ion current and neutral fraction versus ionizer temperature

curves are monitored at the low flow rate until the critical temperaturei

1 and neutral fraction reaches a stable value. This is referred to as the

initial conditioning period. There is some conditioning at the beginning

i of each day.

More detailed description of the measurement procedures and

! accuracy limits is given in Ref. 6.
5.3 Mechanical Parameters and Nitrogen Permeability of Ionizers

Selected for Ionization Tests

_! The mechanical parameters, such as, material density, total

cross section area, thickness, permeability and transmission coefficient,

I{ average pore size, and pore density for the ionizers selected for testing

are given in Table 5-I. Ground finished ionizers with average density and

1_ permeability were selected for these tests. The surface usually showed

_' pronounced grindlng marks as in Fig. 4-4. Best overall representation of

li 6. G. Kuskevics and J. M. Teem, "Surface Ion Source Phenomena and
Technology", Electro-Optical Systems, Inc. RR-16, September 1963o
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the structures are the photomicrographs which show not only the pore

size, size distribution, interpore distance, but also pore shape, pore

density and uniformity of pore distribution. Comparisons of typical

structures, similar to those selected for the ionization tests, can be

made by examining Figs. 4-14 and 4-15. The fine commercial porous

tungsten bars available in 0.6" cross section only, appear to have a

pore size somewhere between the fine (Lot'EU) and coarse (Lot CU)

unsized spherical powder buttons, but with larger and much less uniform

pore structure than the coara_st of the sized powder ionizers (E7A).

The coarse coranercial porous tungsten (Phillps Mod. B) is nearly similar

to the coarse unsized spherical powder material. There is no question,

based on the photomicrographs, that sized Lot E3 powder ionizers have the

finest, most uniform structure.

The nitrogen permeability is very sensitive to the slightest

change in material density, pore size and surface finish as shown in

Fig. 4-10. Thus, for sized spherical powder ionizers, the permeability

decreases by .01_P Lthis unit will be used for ,gm/(cm.sec.torz)_for a

2% increase in theoretical density (i. e., from 80% to 82%). For equal

theoretical density of 80%, the permeability increases from E3 (I-4_ to
I

E6 (3-6_) to ETA (4-9_) from 0.24 to 0.30 to 0.50 _p, respectively. The

two finer lots have permeabilities similar to the fine commercial porous

tungsten.

Brazing infiltrates and closes the perimeter of the ionizer.

One indicator of the overall volume infiltration is the gas permeability.

By comparing permeability before and after brazing in Table 5-I, the

braze area closure of all sized spherical powder ionizers except ETA-G-7

is 25-35%. This compares with a 45-50% closure for the powder io6

(coarse unclassified) ionizers and 65-75% closuze of the coarse conm,arclal

" (PB) ionizers. Frequently the braze closure at the surface can be observed

visually, especially after test when the flow of cesium through the porous

area causes a difference in color. Sometime& the porous area remains

shiny while the braze is dull (either white or dark)| sometimes a deposit

can be observed over the porous are_ most likely due to improper shutdown

procedure.
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The diode sputtering pattern method used to measure active areaq

was developed since May, 1963, and was used for all ionizers. This

method gave active areas on commercial porous tungsten which checked with

visual surface observation and cross section metallographic measurements.

Recently a comparison of the sputtering pattern with ion microscope

scanning data was made of a spherical powder ionizer, with good agreement

between the two and also with the visual surface observation. Gas

permeability appears to increase slightly during the ionization tests.

This can only be due to opening of smeared pores on the front surface by

the high temperature cesium environment. This agein shows that the surface

is smeared during the grinding closing the finer pores, since no leaks or

microcracks have been observed. The only defects which appeared are

melted spots from sparking which close small areas, thus also reducing

permeability. The surface appears to lose the sharp grind marks_ the

center may have a somewhat etched appearance. In some cases sparking

causes some spots on the ionizer surface to melt which are then sealed

and should lower the permeability.

5.4 Cesium Permeabilit_

Cesium permeability for all ionizers is given by the ion

current density since they had low neutral fraction (shown in Fig. 5-5)

as a function of cesium reservoir temperature for various ionizer samples.

Comparison with nitrogen permeability is difficult because of the uncer-

tainty of area. Mass permeability, prior to brazing, has a definite

cross sectional area. The apparent nitrogen permeability after brazing

indicates how much of this area was closed by braze, remembering that the

actual open area varies from a smaller value on the upstream side to a

larger (active) area at the front face. The cesium permeability in Fig. 5-5

is based on the larger active area at the front face. However, the only

true permeability value is that taken prior to brazlng. Hence this

value should be compare6_ with cesium permeability, which is based on an

effective cross section area obtained from the apparent nitrogen perme-

ability measurememt after brazing.
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An increase in cesium permeability was observed for ionizer

E3-G-3 during the five days of testing. The change was about 30 percent

at low flow rates (2-3 ma/cm 2) to 75 percent at high flow rates (20-

30 ma/cm2). This change must be responsible for the poor correlation

between initial gas permeability and cesium permeability taken at an

arbitrary time during the test.

i The decrease of cesium permeability with ionizer temperature

is small (see Fig. 5-6). With the difficulty of comparison in mind,

note that the finest structures had the lowest nitrogen permeability

1 and the highest cesit,_ permeability.
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5.5 lon Current Density, Neutral Fraction and Critical _mperatures

The most popular measurement of surface ionization is the ion

current density as a function of ionizer temperature for various cesi_n

flow rates. A set of typical curves for solid tungsten, as measured by

Langmuir 7, is shown in Fig. 5-7 to define the various regions of

operation• These data were usually taken with increasing temperatures.

[ In the high coverage region the rise is exponential, As the temperature

! increases to the so-called critical temperature (whlc|: is a function of

the cesium flow rate), the ion current discontinuously rises by more than

I a decade as the surface becomes clean of cesium. At high temperature the

cesium coverage is low, add for high work function surfaces the ionization

! is so nearly I00_ that it appears essentially constant. When the icn

current is measured by decreasing the surface temperature, the discon-

tinuity occurs at a somewhat lower temperature, as indicated by hypo-

thetical curves in Fig. 5-7. This is the lower critical temperature

while the previous une was the upper critical temperature. The effect

is usually called a hysteresis. The upper critical temperature is more

reproducible and, for this reason, Langmuir measured only the u_per Tc

The breaking points of either T lie on a straight llne in ac

log j vs I/T plot, as shown in Fig. 5-7. This upper critical temperature

line_ extrapolated from the ezperimental ion current data given in

Fig. 5-7, was used as a reference llne in graphs of previous reports.

The experimental data up to about 2 ma/cm 2 gave an empirical equation

.v

lOgl0 _a ffi27.791 - 14350/T c

where _a is the rate of cesium atom incidence, which is equal to rate of
-2 -1

cesium ion evaporation in at. cm see . This line is shown in Fig. 5-8.

• "The Evaporation of Atoms,7 Taylor, J. B. and Langmuir, I. R.,

: Ions and Electrons from Caesium Films on Tungsten",

Phys. Rev., 44, 423, (1933).
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8
It does not agree with the upper T data, calculated by Langmuir from

C

atom desorption data in the same paper which resulted in the equation

loglo _a = 25.66 - Ii500/T c .

For comparison with porous ionizers, we need the lower Tc, which can be

obtained from atom desorption data and is very nearly represented by

lOgl0 _a = 24.6549 - I073U/T c .

The more accurate data are plotted in Fig. 5-8, which data will be used

for comparison. Note the inco_isistency of these Langmuir data because

o the lower Tc is higher than the upper Tc. The latter are believed to

be in error.

i i For the porous ionizer the typical "ion current vs temperature"

curve is more like that in Fig. 5-6, which curve is usually taken with

decreasing temperature. The low coverage region is most likely no

longer constant because of a change in ionization efficiency and ionizer

permeability with ionizer temperature. Instead of a discontinuity, there

is a transition region characterized by a large change in the slope.

There are sometimes two lower "critical temperatures" - one,

TCI , defined as the temperature at which the ion current has declined by

5_, (chosen as 2X the minimum detectable current change) the other - TC_,

defined as the temperature corresponding to minimum neutral fraction.

The TC_ point may be closer to the upper Tc. The higher the current

, density and the cleaner the tungsten surface, the smaller the difference

between upper and lower T . It has not been established which tempera-C

ii ture is best for optimum ion engine performance, but it is in the rela-

-- tively small range between the lower TCI and upper TCa. _'h_sum of the

i.!

8. I. R. Langmulr and J. B. Taylor, "Vapor P_essure of Caes_u_ -by the

_i Positive Ion Method", Phys. Rev., 51, 753, (1937)
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ion and equivalent atom currents shows that the total flow rate de-

crea_es about 3.5 percent/100°C. A typical neutral fraction curve is

shown in Fig. 5-6, another set in Fig. 5-9. These curves are theo-

retically described by the Saha-Langmuir equation which, for constant

work function, is also plotted in Figs. 5-9 and 5-10. Experimental

curves show a similar decrease with decreasing temperature only for

ionizers having very low neutral fractions (below I percent). There

is a region in which the work function starts to decrease, due to

cesium adsorption, and the _ curves exhibit a flat region. For some

ionizers this flat region extends over several hundred degrees (see

Fig. 5-11). At higher flow rates giving higher neutral fraction, the

curves may have no minimum below 1400°C.

For all ion current and neutral fraction measurements, the

appropriate voltage must be applied to insure emlsslon-limlted opera-

tion. Current-voltage characteristics in Fig. 5-12 show the required

voltage for any ion current density. For some cases, the space-charge

limited portion follows the 3/2 power law, while in many other experi-

ments the slope for this region is much higher at first_ then subsequently

much lower. This effect is believed to be due to the accelerator and

not to the ionizer.

5.6 Performance of i-4_ Spherical Powder Ionizer

As evident from the photomicrographs and mechanical parameters

shown in Table 5-I, this is the finest, most uniform structure produced

to date. The 80 percent dense I-4_ ionizers have a s_aller nitrogen

permeability than all other structures tested on this contract. The

nitrogen permeability is about equal to that of the fine commercial

tungsten tested earlier 9. The average pore diameter, as calculated

9. G, Kuskevics and B. L. Thompson, "Comparison of Commercial Spherical

Powder and Wire Bundle Tungsten _onIz_rs", AIAA Jour. 2, No. 2_
284-294, (1964)
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from pore counts, was the lowest - 2.50_ and the pore density the

highest - 4.01 x 106 pores/cm 2.

Upon brazing, these ionizers show the lowest reduction of

nitrogen permeability (25-35 percent) which implies the lowest braze in-

filtration. Besides being the finest, these would be expected to be

the most uniform ionizers.

These finest spherical powder ionizers had the highest cesium

permeability, which suggests that the mechanism of cesium flow through

the ionizer is different from that of nitrogen.

The E3-G-3 ionizer was operated for four days in a vacuum of

(1-3) x 10-6 torr. This pressure level was not as low as standard due

to a small leak. The final and most complete performance data were

measured on the fifth day under 10-7 tort, as shown in Figs. 5-10,

5-13, 5-14, and 5-15.

The ion current density curve 51 in Fig. 5-13 and the neutral

fraction curve 51 in Fig. 5-9 were measured simultaneously. The active
2

area, measured by diode sputtering pattern, was 0.154 cm . After the

second day there were three melted spots on t_e surface which reduced
2

the area to 0.143 cm . Even without this correction, a maximum ion

current density of 55 ma/cm z was reached. Stable operation with little

@%

sparking could be maintained up to 40 ma/cm 2. These limits are more

contingent on the accelerator than on the ionizer, except that they

depend indirectly upon the neutral fraction. The extended transition

region at high ion current densities is due to large electron back

currents, which locally heat the ionizer surface and produce non-unlform

temperature. The solid points in Fig. 5-13 give the lower TCI , the open

circles the lower TC_ corresponding to minlmum_ in Fig. 5-9. Note

that the TCI points are lower than the corresponding Langmulr data for

solid tungsten. Figure 5_9 represents the first ionizer to show such

definite decrease of neutral fraction, in agreement with the Saha-

Langmuir equation for solid tungsten

= I + 2 x i0"5040_E/T .
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Theoretical curves for different wor_ .nctions, shown in Fig. 5-9,

give a work function for porous tung_ n o_ between 4.65 and 4.70,

which is somewhat higher than the preferred 4.5_ ,obook value.

The neutral fractions were generally very low and their

minimum temperatures, shown by circles, were 60-120 ° above the TCI

points. These points form a straight llne in Fig. 5-9, as well as

in Fig. 5-13.

A new type of graph, obtained by combining data of Figs. 5-13

and 5-9, is given in Fig. 5-14. These curves show that for a given

neutral fraction, dictated by engine llfe, there is a maximum ion

current density at a given ionizer temperature.

Graphs in Fig. 5-15 show the increase of neutral fraction

with ion current density.

A second ionizer of I-4_ was tested under AF contract, yield-

ing the similar set of data shown in Figs. 5-16, 5-10, 5-17, 5-18. The

critical temperatures and neutral fractions were somewhat lower.

5.7 Performance of 3-6_ Spherical Powder Ionizer

This ionizer structure was definitely coarser than the

i-4_ structure. Average nitrogen permeability and pore size were about

30 percent higher, pore density and cesium permeability were similarly

lower.

Final data on the fourth day of operation is shown in Fig.

5-19, 5-11, 5-20, and 5-21. The TCI points are among the lowest, being

50-100 ° below the Langmuir lower _. The neutral fractions were not as

small at low j levels as those of the i-4_ ionizers, and did not exhibit

the decline with temperature. The highest ion current density of 60 ma/cm _

was reached with a neutral fraction of only 3 percent. Note that the

slope in Fig, 5-21 is much lower than that of Figs. 5-15 and 5-18.

5.8 Performance of 4-8_ Spherical Powder Ionizer

This was the coarsest of the sized powder ionizer structures

and it had a high nitrogen permeability, Two samples were tested be-

cause the first one accidentally was deeply infiltrated during brazlns,

Typical data are shown in Figs. 5-22, 5-23, 5-24, and 5-25.
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5.9 Performanc _ of Coarse (Commercial) _2-Reduced Powder lonizers

Because the first coarse (Philips Mcd. B) ionizer had poorer

performance than the previously-tested fine commercial ionizers (which

come in small sizes only), two ionizers were tested. A set ef data for

one of these ionizers is given in Figs. 5-26, 5-27, 5-?8, and 5-29.

The other ionizer had identical performance_ and, therefore, data curves

for it have not been included. Note that the two curves followed the

theoretical slopes above 1200°C.

5.10 Comparison of Performance of Sized Spherical Powder and

Philips Mod, B Structures

The lower ion current critical temperatures, TCI _ in Fig. 5-30

for the two types of f_aer structures, are below the Langmui= data for

solid tungsten. The coarsest sized Gpherical powder and the coarse

commercial ionizer critical temperatures are about i00 ° higher. This

depends somewhat on the residual pressure, which was in the low 10-7

range for most of these tests.

A more meaningful comparison can be obtained from Fig, 5-31,

_ich demonstrates the amazing fact that onli_ I percent of neutral_

was detected at 50 ma/cm 2 (of ions) for E-3,G-5. For all sized 1-4

and 3-6_ structures, _ was below 3 percent. Predominance of the data,

shown by the curves of Fig. 5-31, indicate that the slope of the E6-G-5

curve is too small. A probable explanation is that this ionizer was

not aged sufficiently when the neutral fraction measurements were made

at low current densities. All fine (sized spherical powder) structures
o

, achieved ion current densities of 50 ma/cm _.

In conclusion, the fine'slzed powder ionizers |.ave demonstrated

' a far better performance than spherical powder or commercial ionizers

have previously shown.

i
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NEG. 1304 3-8_ Ta ADDED NEG. 1305 I-3_ Ta ADDED

DENSITY = 71.8 % DENSITY = 75.0%

COMPOSITION, W-IO A/o Ta
SlNTERED 4 HRS. AT 2200°C

FIG. 6-4 EFFECT OF TANTALUM PARTICLE SIZE ON THE PORE STRUCTURE OF SlNTERED

(4-8_) TUNGSTEN MICROSPNERES (Mag. = 400X)
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substitution was made in order (i) to refine the pore size of the

resulting sintered material, and (2) to effect increased sintering

rates, such that the 80 percent target density could be achieved

within reasonable sintering time (less than 4 hours at 2200°C). Also,

for this W-Ta series, the 1-3# tantalum fraction (BF) was used in

preference to the 3-8_ tantalum fraction (EF) in order to achieve

more homogeneous and finer porosity.

Sintering rates of the third alloy series are listed in

Table 6-111 and plotted on a semi-log scale in Fig. 6-6. Comparison

of Tables 6-Ill and 6-11 shows that the as-pressed densities of the

finer (2-5_) powder samples of Series 3 were consistently and signi-

ficantly lower than the pressed densities of the (4-8#) Series 2.

Further, the 4-hour sintered densities of Series 3 are also signi-

ficantly _ than those of Series 2. The marked increase in

sintering rate is due, obviously, to t_e higher free energy surface

of the finer tungsten substituted, since all other conditions were

held constant. The curves of Fig. 6-6 indicate that the retarding

effect of tantalum on diffusion remains consistent with data derived

on the previous two series. However, sintering time to reach the

80 percent density level has been reduced to less than 4 hours at

2200°C. It is also very interesting to note that, with the finer

parent tungsten particles, a decrease in density (within the first

i0 minutes of sintering) occurred only in W-20 Ta, as occasioned by

a slight volume expansion. The reason for the appreciable initial

expansion (Kirkendall effect) of the coarser (4-8_) powder and the

almost negligible expansion of the fine (2-5_) powder is not known.
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TABLE 6-III

SlNTERING RATE DA£A FOR W-Ta ALLOYS

(Alloy Series No. 3)

Tungsten Sintering Time, min., at 2200°C under 5 x 10-5 torr
Base Additive 0 I0 30 60 120 240

Powder Metal Lot (As-Pressed)

_oTheoretical Density

E4 Unalloyed 65.49 78.29 85.54 88.55 91.30 93.58

(2-5_)

E4 i0 A/o Ta BF 65.24 70.25 73.72 78.15 83.57 86.31

E4 15 A/o Ta BF 66.38 67.23 71.91 74.56 81_09 83.43

(2-5_) (I-3_)

E4 20 A/o Ta BF 66.58 64.22 68.29 71.02 77.29 81.09
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6.5 Preparation of Series No. 3 at 80 Percent Densit_

Standard barrel compacts, five each of the unalloyed 2-5_ (E4)

powder and of the i0, 15, and 20 Ta powder mixtures had been pressed

initially. One compact of each composition was used for the density

study described in Section 6.4. The remaining total of 16 compacts

(4 of each composition) were vacuum sintered at 2200°C for the following

times, interpolated from previous densification rate curves (see Figs.

6-6 and 4-6) as being necessary to achieve 80 percent target density:

Sintering

Composition* Temp.,°C Time_ min.

Unalloyed tungsten 1800 105

W - i0 A/O Ta 2200 67

W - 15 A/O Ta 2200 97

W - 20 A/O Ta 2200 156

"2-5_ tungsten, I-3_ tantalum

The _ tungsten compacts were infiltrated successfully

with Cu-2 Fe under hydrogen. To determine whether the standard Cu-2 Fe

would penetrate W-Ta, 2 quartz capsules were prepared. Both were charged

with scrap pieces of sintered W-20 Ta. Pure copper was put into one cap-

sule and Cu-2 Fe into the other. Then the capsules were sealed under

vacuum. After being heated at 1300°C for 30 minutes, the test samples

were sectioned. They revealed somewhat shallower Cu than Cu-2 Fe pene-

tration. Thereupon, all 12 W-Ta compacts (4 of each composition) were

immersed in the Cu-2 Fe under vacuum.

At this juncture_ metallographlc samples were Laken from the

ends of four compacts (one of each composition) and nonlnfiltrated com-

pact interiors were again noted. Structures of the unalloye d tungsten

and W-10 Ta compacts are compared in Fig. 6-7. These structures were

resolved in better detail than in previous attempts through use of a

final alternate etch-pollsh* technique. Comparison of the unallcyed
1 ,,

*Etchant - one part concentrated NH40H 4 + two parts Murakami's reagent.
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tungsten structure of Fig. 6-7 with that of the lower left micrograph

of Fig. 4-15 reveals the presence of fine pores which had not been

defined bY previous polishing techniques. This demonstrates the pit-

falls ot placing complete reliance on optical analysis. Comparison

of the two micrographs of Fig. 6-7 indicates that considerable agglom-

eration of W-10 Ta occurred at the 2200°C sintering temperature, while

such agglomeration did not occur in the unalloyed tungsten (sintered

at only 1800°C). Because of this, the pore structure of the W-IO Ta is

less homogeneous than that of the unalloyed sample. In general, it

would appear that addition of tantalum in discrete particle form does

not yield ionizer pore structures as favorable as do tungsten micro-

spheres alone. This is not to say that application of tantalum as

coatings on the. tungsten microspheres will be ineffective. In fact,

all metallurgical indications point to this technique as being best.

Two more attempts were made to infiltrate the W-Ta alloys

at approximately 1200°C under vacuum. For these experiments, the

Ag-39.9 A/O Cu eutectlc alloy was used. Its melting point of 779°C,

being 304 ° below that of Cu and 182 ° below that of Ag, indicates that

it should be more fluid at the 1200°C temperature of infiltration.

After the first immersion in Ag-Cu, it was observed that the interiors

of the samples were reasonably infiltrated, while the exteriors were

not. It was deduced from this that preferential oxidation of the sample

exteriors had occurred during processing, which oxidized surface zones

were not being wetted. The use of a parting layer u_ MgO, which had

been used to prevent diffusion welding of the samples to the tungsten

sheet base during slnter_.ng, came under suspicion. New samples of

W-15 and 20 Ta were pressed and slntered without use of the MgO film.

When immersed subsequently in the Ag-Cu eutectlc, wetting of the samples

was excellent and infiltration was undou._tedly very thorough. In retro-

spect, the reason for the infiltration difficulties becomes quite ap-

parent. At 2200°C, the M80 vaporized to react with tantalum. Free-

energy data from Coughlin 2 indicate that the following reaction is in

2.Coughlin, J. P., Bulletin 542D BuMines, 1954.
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NEG. 1399 PURE TUNGSTEN NEG. 1400 W-10 A/o Ta

DENSITY = 81.55% OF THEORETICAL DENSITY = 79.36% OF THEORETICAL

FIG. 6-7 EFFECT OF TANTALUM PARTICLE ADDITIONS ON PORE STRUCTURES OF SlNTERED

TUNGSTEN MICROSPHERES (2-5_ Tungsten; i-3_ Tantalum)
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equilibrium at about 2340°C and that it will proceed to the right at

higher temperatures:

5 MgO + 2 Ta __ 5 Mg + Ta205

_2340°C

However, the impaired wetability of W-Ta surfaces (when heated in

proximity with MgO) indicates that at least a tantalum suboxide, such

_s Ta204, does form at 2200°C. Having determined the apparent; reason

the inability to obtain com_ lete infiltration initlally_ it is

• :irely possible that satisfactory infiltration of W-Ta can be ob-

_ _ained with the standard Cu-2 Fe infil_rant in the future.

6.6 Conclusions of Alloy Study

Considerable information was derived from this alloy study,

particularly on the W-Ta compositions. Conclusions are listed briefly

as follows:

i. A 4 A/O addition of chromium is not indicated to retard the

diffusion and sintering rate of spherical tungsten powder.
]

The nonuniformity of pore structure of W-4 Cr, when slntered

at 2000°C, is attributable to melting of the chromium. Such

liquation cannot be tolerated in any sinterlng of powdered

metals.

2. Addition of tantalum to tungsten, even as articulate particles,

greatly retards diffusion and sinterlng rate.

3. W-Ta powder mixtures are appreciably more amenable to oxi-

dation than is pure tungsten powder. Results of this study

indicate that tantalum, e.g., can reduce MgO at 2200°C.

The oxide layer formed by such reduction acts to prevent sub-

sequent wetting and absorption of the infiltrant.

4. Three combinations of W-Ta particle sizes were investigated,

with results generally as follows:

3720-Final 6-18

1964010669X-080



a. Coarse W + coarse Ta = lowest X coarsest least X

_sintering_( pore _) (agglomeration)
b. Coarse W + fine Ta = _ rate / _.structure/

c, Fine W + fine Ta = highest finest X greatest

Characteristics marked with X, above, being most favorable

for the ionizer application, it becomes clear that optimum

characteristics cannot be achieved by starting with articulate

powder mixtures. It also becomes appare_it that use of fine

Ta-coated microspheres offers the best probability of success.
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7. TEST SAMPLES FOR NASA-LEWIS

In accordance with Article I, Phase V of the Contract, Scope

of Work, samples of infiltrated tungsten and of tungsten alloys were

prepared for NASA, as described in the following subsections. These

have been submitted to the Contract Technical Manager.

7.1 Tungsten Samples from Phase II (All _75 Percent Dense_

No. Powder - Base Date

_ubmitted Particle Size Infiltrant Submitted

2 4-8_ Silver II Feb. 1964

2 4-8_ Cu-2 A/o B Ii Feb. 1964

2 4-8_ Cu-2 A/o Be II Feb. 1964

2 4-8_ Cu-2 A/o Fe ii Feb. 1964

2 4-8_ Cu-2 A/o P II Feb. 1964

2 4-8_ Cu-2 A/o Te II Feb. 1964

7.2 Tungsten Samples from Phase III tAll Infiltrated with Cu-2 A/o Fe_

%Theoretical

No. Powder - Base Density (From Date

Submitted Particle Size Control Sample) Submitted

2 I-4_ 78.24 29 Oct. 1963

2 3-6_ 81.09 29 Oct. 1963

2 4-8_ 78.45 29 Oct. 1963

Recommended distillation treatmentl 15 minutes at 1500°C plus

45 minutes at 1750°C_ under 10-5 tort pressure.

7.3 Alloy Samples from Phase IV (All_80 Percent Dense)

No. Base Powder Lot Date

Submitted Tungsten Tantalum Infiltrant Submitted

2 E4 None Cu-2 A/o Fe ii Feb. 1964

2 E4 I0 A/o BF(Ta) Ag-39.9 A/o Cu ii Feb. 1964

2 E4 15 A/o BF(Ta) Ag-39.9 A/o Cu Ii Feb. 1964

2 E4 20 A/o BF(Ta) Ag-39.9 A/o Cu ii Feb. 1964
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8. CONCLUSIONS AND RECO_ENDATIONS

Main conclusions, derived from the research, will be reviewed in

this section, together with recon_endations where they are applicable.

This summary will be made in sequence, starting with procurement of

the powder and its classification, infiltration, pore characterization

of sintered tungsten, ionization performance of graded spherical ioni-

zers, and conclusions of the tungsten alloy study.

8.1 Procurement, Classification and Analysis of Tungsten Microspheres

A special fine grade of spherical powder was developed by the

Linde Co. for use in this contract. Powder refinement achieved is in-

dicated by the following frequency of minus 8_-dia. particles:

Percentage Percentage

by Weight by No.

Previous Coarse Grade 18.0 91 5

Special Fine Grade 90.0 99.9

This refinement is significant in that the narrower the size distribu-

tion of the feed powder, the narrower become the size fractions removed

subsequently by cyclonic air classification. Since the percentage of

unusable oversized powder is greatly reduced, an econom> is also realized.

Having attempted to classify spherical tungsten powder by

three wet methods, and also to conduct size analyses by a wet electronic

method, it is concluded that such wet methods are ineffective because

of tungsten particle agglomeration. Dry methods of both classification

(cyclonic air) and size analyses (micromerograph) were found to be far

superior. Therefore, cyclonic air c]asslflcation was employed to size

the basic powder required for work reported, and is recommended for

use in the future. Results indicated that, by performing duplex classi-

fication steps, predominant particle-frequency groupings were obtained

as follows:
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Percentage by Nou Within Dia. Range

89 I-4_

95 3-7_

88 4-9_

These frequencies are believed to represent the best present commercial

practice, such that achievement of narrower distribution spectra may

depend on first obtmining microspheres having greater as-produced size

uniformigy.

Analysis of fine spherical tungsten by micromerograph mini-

mizes the agglomeration problem encountered in Coulter electronic count-

ing and in slide dispersion samples (necessary for microscopic counting).

With the micromerograph, using explosive deagglomeration of dry powder,

it is still not possible to state that I00 percent dispersion is obtained.

However, the micromerograph must be recommended as being the most feasible

analytical tool from the standpoint of combined accuracy, speed and economy.

Spectrographic analyses indicated that the tungsten base powder

used in this work exceeded 99.94 percent purity. It is apparent that the

spectrographic method is most suitable for detecting the small residual

impurity levels. Carbon determinations by the conductometrlc method in-

dicated 115 and 60 parts per million for the coarse and fine spherical

powder grades, respectively.

8.2 Infiltration Study

A summary of the advantages and disadvantages of various com-

positions used to infiltrate tungsten is as follows:
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Infiltrant

Composition Main Advantage Main Disadvantage

Pure Ag Constant concentration Relatively high cost
of molten bath

Cu-2 A/o B Low residual B after B renders tungsten
distillation unmachinable

Cu-2 A/o Be Excellent machinability Comp. instability of molten
bath due to oxidation of Be

(also toxicity)

Cu-2 A/o Fe Excellent machinability None detected

Cu-2 A/o P Comp. stability of molten High residual P after
bath distillation

Cu-2 A/o Te No outstanding advantage or disadvantage

No differences were noted in the ability of the six compo-

sitioP_ to infiltrate porous tungsten. No significant differences in

micros_ ucture or permeability of the variously infiltrated samples

were noted after the infiltrants were removed. Evidence was obtained

that boron diffuses rapidly into tungsten, accompanied by a lowering

of the melting point, an increase in hardness, and a serious decrease

in machinability. The principal conclusion reached is that Cu-2 A/o Fe

is at least as _ffective as, or is better than, any of the other com-

positions included in this comparison study. Therefore, Cu-2 A/o Fe

was used as the standard infiltrant in this contract and is recommended

for use in the future.

8.3 Characterization of Ionizers Prepared from Three Spherical
Powder Fractions

In fabricating the ienizer series several parameters were

held as constant as was feasible, while only one parameter was varied

intentionally:
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Constant Parameters Varied Parameter

Hydrostatic cor_.pactionand Particle size (distribution) of

pressure level spherical powder fractions

Compact size and configuration

Vacuum sintering and ambient

pressure level

Vacuum distillation conditions

Final density, surface finish

and purity

Evaluation of the spherical powder ionizers included deter-

mination of sintering rate and final density, measurement of mass

permeability coefficient, calculation of transmission coefficient

(plus necessary derivations), analysis of open and occluded pore vol-

ume by Hg intrusion, metallographic examination, determination of mean

pore size and pores/cm 2, and spectrographic analysis of final purity.

Fabrication experiments on spherical powder fractions indi-

cate that the finer the initial spherical powder used_ the lower the

pressed "gree_' density obtained. Further, the finer the powder, the

more rapid the sinterlng rate and the lower the thermal stability of

the ionizers obtained. These observations are in agreement with theo-

retical expectations. Because of higher total free energy surface_

the finer powder fractions should be (and were) sintered at lower temp-

eratures than coarser fractions. Hencej care should be (and was) taken

not to exceed the powder-sintering temperature in post-sintering steps,

lest additional slnterlng, shrinkage, and structural changes occur.

Where the ionizer attachment operation makes overheating absolutely

necessary, time at peak temperature should be (and was) minimal.

Ionizer buttons from three powder size categories (each cate-

gory having three different surface finishes) were prepared. Average

density and permeability coefficients were determined to be as follows:
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E3 (i-4_) Powder E6 (3-6p) Powde r ETA (4-8p) Powder
Finlsh*Surface Density Perm.xlO 6 Density Perm.xl06 Dens_____it_Perm.xlO 6

Lathe turned 80.10 0.18 79.75 0.24 80.26 0.42

Machine ground 80.88 0.21 80.67 0.27 80.98 0.46

Polished 81.14 0.19 80.78 0.24 80.67 0.46

Overall average 80.71 0.19 80.51 0.25 80.66 0.45

*Finish: lathe turned = _60 rms; machine ground = _6 rms; polished = <i rms.

Foregoing average values indicate that, sintered density being constant,

increasing the initial powder-particle size yields ionizers of increasing

permeabilities.

Plotting of individual "density vs. permeability" values for

the nine ionizer categories indicated that surfacing by lathe causes

significantly more surface distortion and pore closure than does either

machine grinding or metallographic polishing. Surprisingly, such plots

indicate also that any pore closure resulting from machine grinding is

not significantly different from that resulting from metallographic

polishing. Based on these data, the machlne-ground surface was selected

as the standard for all ionization performance testing.

Pore distribution analysis of ionizer material by mercury

intrusion was investigated in the present contract. Pore spectra

obtained on porous samples (of comparable densities) show a definite

shift to finer pore size distributions with the use of finer spherical

base powder. Based on careful pore counts at high magnification, the

average pore diameters were calculated. Mean pore diameter values

obtained were 3.83, 3.51, and 2.50 microns for sized spherical powders

of 6.9, 4.9, and 2.7 microns, avg. particle diameters, respectively.
2

For this same series, pore per cm were determined to be 1.64, 1.99,

and 4.01 x 106, respectively.
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Overall correlation of the data indicates that, as the initial

powder spectrum is shifted toward smaller particle sizes, the following

trends occur in the final ionizers:

i. Mean pore diameter decreases;

2. Pore per unit area increase;

3. Volume of occluded pores increases slightly; and

4. Permeability and transmission coefficients decrease.

8.4 Ionization Performance of Classified Spherical-Powder Ionizers

Experimental data presented in this report show that ionization

performance is improved by decceasing ionizer pore size and increasing

density of pore packing. The classified spherical powder ionizers have

exceeded all expectations in their ionization performance, and have made

possible, for the first time, ion current densities of 30-60 ma/cm 2.

Such high ion current densities were reached at the surprisingly low

neutral fraction levels o_ 1-3 percent at 50 ma/cm 2. Critical tempera-

tures for the finer 1-4 and 3-6_ spherical powder ionizers were lowest.

Based on the limited number of test buttons_ the finest

spherical powder ionizers are indicated to perform far better than any

of the commercial porous ionizers. It would have been desirable to

test not only a greater number of classified powder ionizers, but also

a number of unclassified fine spherical powder ionizers. The excellent

ionization performance of the fine classified spherical powder ionizers

indicates their great potential for future application, assuming in

this that their thermal stability is adequate, or can be made so, by

the metallurgical techniques proposed for investigation in the follow-

on contract.
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8.5 Thermal Stabilization of Tungsten Microspheres by Alloyln_

The retarding effect of tantalum on the diffusion of tungsten,

observed under the preceding NASA contract as well as by other investi-

gators_ has been verified. Addition of tantalum particles to spherical

tungsten powder markedly decreased sintering rates. Increasing the

tantalum added, over the range 10-20 atom percent, resulted in progres-

sively lower sintering rates. While the reason for the effect of tantalum

on diffusion rate is not known, results presented indicate that (at

2000-2200°C) tantalum particles diffuse very rapidly into their tung-

sten neighbors, with an attending expansion of the tungsten lattice.

The similarity of atomic size dictating the formation of substitutional

i solid solutions, the speed of the initial diffusion is quite startling.

Photomicrographs presented indicate that the diffusion of tantalum into

tungsten particles leaves outsized voids, which voids destroy structural

ho_ogeneity. The larger the size of tantalum particles added, the larger

these voids become. Experiments with three different combinations of

constituent parti_le sizes indicate the following trends in final sintered

structure:

Coarse W + coarse Ta = lowest X coarsest lea u X

Coarse W + fine Ta = (sintering rate) (pore structure) (agglomeration)

Fine W + fine Ta = highest finest X greatest

The "_' designations, above, indicating the directions favorable for

best ionizer pore structures_ it becomes apparent that the fabrication of

optimum structures from mixtures of tungsten and tantalum is not feasible.

The alternative, and that proposed for investigation in the follow-on

, contract, is to use sufficiently fine spherical tungsten particles, in-

dividually coated with a thin layer of tantalum or other diffusion-

retarding element. This technique is expected to provide sintered

structures having improved thermal stability, as well as pore size

uniformity comparable to the best unalloyedtungsten.
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Addition of chromium to spherical tungsten powder did not

reduce subsequent diffusion and sintering rate. The very nonuniform

pore structure resulting is attributed largely to melting of the chrom-

ium at the 2000°C sintering level. Use of chromium as a stabilizing

addition to tungsten powder is not indicated to be beneficial.
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APPENDIX A

CLASSIFIER REPORT, ANALYTICAL REPORTS

AND DERIVATION OF TRANSMISSION COEFFICIENT

3720-Final

1964010669X-094



1964010669X-095



THE SHARPLESCORPORATIONRESEARCHIABORATORXES ......
............ Classif_er Technical sales

K-8 Sha,,rples S_er Classifier Test Repor_ .No. 1374

Company: Electro-Optical Systems s Inc.
300 North Halstead Street
Pasadena, Caltforn$_a

Test Date: Hay 20s 1963

Requirement s

Separate the 9 lbs. of Lot E Spherical Tungsten powder into !-2 ._ ,
4-5 _ _ and 7-8 _( fractions, with a goal to obtain 907. by nmnber of the
particles within the desired groups.

Test

The K-8 Classifier was setup and the sequence of separations is
shown on the attached Table I. The Runs Nos. 1 and 2 are made at the
finest settings and producing a minus I/_ (Fine Run 2) and the I-2

(Coarse Run 2) products using the mlnus'2/f (Fine Run l) as a feed.

Runs 3 to 7A were made according to the follo_rLn8 program: Using
the coarse fraction from Run I as a feed, and setting the Classlfler
for a 3 micron cut, the Fine Run 3 is a 3 micron product. The coarse
from Run 3 was used as a feed for Rmt 3A which _s made at the same
Classlfier setting as Run 3. This product Fine 3A is also a 3 micron
product, but 411 be sllghtly coarser than Run 3 Fine. Run 4 was then
made at the 5 micron adjustment uslng Run 3A coarse as a feed, etc.

Micromerograph analyses of the products 2F, 2C, 3, 4, 4A, 5,
6, 7, and 7AC. The comparison shown between 4 and 4A gives an indi-
carlo, as to the amount of variation in the first pass and second pass
fine fractions.

Results & Conclus£ou_

The analyses of the products show no significant change in the
slope of the curves, _£ch is characteristic of the Classifier operation,
however, the top 107_ and the bottom 107. (by weight) has been improved.
This is possible because of the second pass to remove the carryover
fines from the previous run.
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LAIIORATORIIr_: CHfJtIICAL--MI[GHANICAL--MErAL LUHICAL.-INIWRUMI_t#TATION-NON DI_n'IqUCTIVE--RmalARCH

MATERIALS TESTING LABORATORIES
DIVIIION OLr MAGNAIq.UX _ORPORATION

6800 V.Alrr WASHINGTON tOULEVARO

LOll ANGELES 22, CAI.IleOMNIA

TEI.IKPHONI[ ees.eoo|

TO: ELECTRO-OPTICAL SYSTEMS. INC. L, Io,,To,YNo. 3282-t_-1 $ 3282-3-1
3G0 N. Halstead S%-reet
Pasadena, California D*T_ 7-12-63

MATERIAL Tungsten Powder

SPECIFICATION m_ommmmm

Your P.o. No. 30829 ShLoDer # D 1016

CERTIFIED REPORTOF C_MICAL ANALYSIS
QUANTITATIVE SPECTROGRAPHIC ANALYSISn m|

EOS Lot C

Lab. No. 3282-;-I

Molybdenum-............ 30 ppm
Bez7111um-............ 1 ppm**
IPon................... 30 ppm*
Clu.omLum-............. 10 ppm**
Calcium-- .............. 1 ppm*
NLo_kel ................ 30 ppm**
Cobalt ................. 100 ppm*e
Zir¢onLum- ............ 100 ppm**
Copper'.- ................ 3 ppm**
^lu.d.num- ............. 3 ppm*
Manganese............. 1 ppm**
Boron ................. 10 ppm**
Total Other Elemn_s--- 200 ppm*

*Less 1:ham
*_Not detec_:ed less than

wEr ANALYSIS

Lab. No, 3282-3-1

Conduetomet:Ic Carbon-- Ii_,8 ppm

.L

I " "" ""

MAIUlAUI 11111fllNULAIIORAI'OSlI|

AI.L RZPORTE ARE BUEMITTIrD AE THE CONFIDENTIAL PflOPERTY OF Ct.IRNTB, AUTHORIZATION FOR PUBLICATION OF OUN NtPONTB, CONCLUBIONII, OR,
IrXTRAGTB FROM ON RSrDARDIND THEM, Ia RZBERVZO PENDING OUR WRITTEN APPROVAL AB A MUTUAt. Pf_OTECTION TO CLIENTB, THE PUUt*IG AND OUREBt.V|B.
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II.AIIONATORIEII: GMEMIGAL_MEGHANIGAL--MrrALLURGICAk--INIrTRUMENTATION--NON DESTWUCTIVE--RIBIrARCH

MATERIALS TESTING LABORATORIES
DIVIIION OF MAGhAFLUX _:ORPORATION

SSOO BAST WASHINGTON BOULEVARD

Loll ANGELES 22. CALIFORNIA

TELEPHONE SSS-SOO!

TO: ELECTR0-0PTICAL SYSTEMS, IHC. L_SORATOeVNO.3282--4--2 [ 3282--3--2

DATE 7-12-63

MATERIAL Tungsten Powde_

SPECIFICATION _o_m_om_

YOURP.O.NO. 30829 ShIppez, # D 1016

CERTIFIED REPORT OF CHEMICALANALYSIS
QUAHTITATIVE SPECTROGRAPHIC ANALYSIS

Molybdenum- .............. 30 ppm
Bor711ium- ................ 1 ppm**
I_,on .................... 30 ppm*
Chr,omium- ................ 10 ppm**
Calcium- ................. 1 ppm
Nickel ................... 30 ppm**
Cobalt ................... 100 ppm**
Zi_cDnlum- ............... 100 ppm**
CDppez'-.................. 20 ppm
Aluminum-. ................ 3 ppm_
Manganese................ 1 ppm**

BOrDn.................... 10 ppme&
TDtal Other Elements ..... 200 ppm*

•Less than
•*NDt detected less than

WET ANALYSIS
i i

3282-3-2

CDndUDtDmett_iC Cat_bon.... 60,_ ppm

ALl., RI[PORTB ABlE IIUBMITTIrD All THI[ DONFIDI[NTIAL PROPERTY OF CLll[NI'8. AUTHORIZATION FOR PUBLICATION OP OUR RIrpORTll, GONCLUIIIONII, OR,
II[XTRACTB PROM ON El[CARDING THEM, IB RI[BI[RVI[D PENDING OUR WRITTI[N APPROVAL All A MUTUAL pROTECTION TO CLll[NTE, THE PUBLIC AND OURBI[[LV[$
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I-ASORATORI[I: CHEMIGAI.--MECHANICAL,--METAI,I,UNGICAL.--INIrrR_MSNTATION--NON DEITRUCTIVE--NIBE.ARCH

t • •

MATERIALS TESTING LABORATORIES
DIVIIIION OF MAGNAFI,UX _:ORPORATION

SSOO EAI_ WASHINGTON BOULEVARD

LOI ANGELES 22, CALIFORNIA

TELEPHONE 685-6OO!

TO" ELECTR0-0PTICAL SY_'_'_MSt INC. LAIIORATOWrNo. 12383-1_.-1, 2, 3, 8
300 N, ffalstead Street
Pasadena, Callfoenla DATE 12-26-63

MATERIAl- T_ _S'_eFl

SPECIFICATION ,,,b,,,m,m,,,

YOURP.O. No. Rt;Fl_n _h_"'_ _ n ')11

CERTIFIED REPORT OF CHEMICAL ARALY_I$
SPECTROGRAPHIC /_ALYS_S

Lab Nos. 12383-_-I 12383-_-2 12383-_-3 12383-_-4

Identification : EOS-E3 EOS-E6 EOS-TA EO,e,.P._.HOD-B

ELEHENT PPH PPM PPM PPH

Tungsten Bal. Bal. Bal. Bal.
Holybdenum 200* 200* 200* 200*
Ber7111u: 1.0* _.O* --- I.0*
Iron 170e* 165"* 9_ 290
Chz_mlum 10.0* I0.0* i0.0* I0"
Calcium 1,0* 1,0 * 1, O* 1, O*
Nickel 10" I0" 10" i0"
Cobalt 50* 50* 50_ 50*
Zi_on tum 30,0* 30.0* 30, O* 30*
Copper I0" I0" 10' I0"
Aluminum I.0* I.O* 1.0* 1.0*
Mamganese I.0* I.0* I.0* I.O*
Boz,on 10' 10" 10" I0"
Total Other

Elements 200* 200* 200* 200*

*Not detected less than

**Corrected values are averages of
3 tests. Revision approved by
E. Duran of MTL.

At.L RI[PORTll ARE RUI[MITTRD AlE THE GONFIDI[NTIAL PROPl[RTY OF CLIENTS, AUTHORIZATION FOR PUI[L'CATION OF OUR RE[PORTE, CONCLUIIIONI[, OR,
ItX'I_RAGTD PROM OR REGARDING THIrM, Ill Rlrl[l[RVl[D PENDING OUR WRITTEN APPROVAL AI A MUTUAL PROTECTION TO GLll[NYll, THE PUBLIC AND OURl[l[t.VES,
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